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ABSTRACT 
 This work explores the mechanisms and lifestyle modifiers of brain anatomy throughout 
the aging process.   First, a thorough review of the mechanisms of fitness on brain anatomy is 
presented.  Next, a study examining the effects of aging and fitness on cortical and subcortical 
brain anatomy in a group of older adults (55-87 years old) is presented.  We examine the degree 
to which cortical, subcortical, and global volumes are sensitive to both age and fitness.  Lastly, the 
effect of cerebrovascular stiffness on the anatomical difference between and within individual 
subjects is explored across the lifespan (18-75 years old).   
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CHAPTER 1 
Introduction 
Due to advances in modern medicine, the average life expectancy has dramatically 
increased, even over the past three decades (National Center for Health Statistics, 2014).  However, 
increase in average lifespan have not been accompanied by parallel improvements to health-span 
(the number of years one lives relatively free of serious disease).   
 Aging researchers seek not only to understand the underlying physiological phenomena 
that naturally accompanies the aging process, but also seek to find ways to dampen, reverse, or 
diminish the trajectory and acceleration of these processes.  Within the realms of neuroscience, 
aging researchers seek for ways to prevent or stave off the anatomical, functional and cognitive 
decline experienced in the later decades of life. This field of research has become particularly 
relevant due to shifts in demographics due to the retirement of so-called “baby boomers” 
(Knickman and Snell, 2002).  Within the United States, as of 2014, 15% of 65-74 year-olds have 
diagnoses of Alzheimer’s disease, with the prevalence reaching 44% for adults between 75 and 84 
years of age (Thies and Bleiler, 2014).   Additionally, women have a 20% risk (Men, 17% risk) of 
developing Alzheimer’s disease after the age of 65 (Seshadri et al., 2006).  Although a great deal 
of research is taking place on older adults with various neuropathology, a better understanding of 
the brains of seemingly healthy individuals is also warranted.  Studying the healthy aging brain 
not only provides a baseline from which various pathologies might be contextualized, but also 
characterizes the trajectory that many older adults will primarily experience.   
Although a number of general trends related to anatomical and cognitive change have been 
identified within the context of healthy aging (Park et al., 2002; Walhovd et al., 2011), many 
studies have noted significant individual differences when examining the changes within and 
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between individual participants.  Put another way, even older adults who are classified as “healthy” 
may be experiencing a number of sub-clinical phenomena that have variable impacts on neural 
substrate and cognition (Raz et al., 2010; Wilson et al., 2002).  In respect to the anatomical changes 
experienced with aging, two major principles seem to characterize healthy aging.  First, as we age, 
the human brain experiences varying degrees of atrophy across different brain regions (Alexander-
Bloch et al., 2013; Fjell et al., 2013; Raz and Lindenberger, 2013).  Put another way, some regions 
of the brain are more sensitive to the negative consequences of age which leads to a non-
homogenous pattern of atrophy within each individual’s brain.   Second, the degree of atrophy 
experienced, and the specific patterns of that atrophy, significantly differ between healthy older 
adults (Fjell et al., 2013; Raz, 2005; Raz et al., 2005; Walhovd et al., 2011).     
A better understanding of these individual differences has motived researchers to seek out 
which genetic and/or life-style factors might best predict successful outcomes with aging. 
Furthermore, advances in neuroimaging modalities have helped us realize that the brain is more 
plastic (adaptable) than was originally assumed (DeFelipe, 2006; Kolb and Whishaw, 1998).  For 
instance, the brains of older adults are hypothesized to experience some level of neurogenesis, 
angiogenesis, and gliogenesis within certain regions of the brain (Braun and Jessberger, 2014; 
Clemenson et al., 2015; Ernst et al., 2014; Ernst and Frisén, 2015; Isaacs et al., 1992; Swain et al., 
2003; und Halbach, 2011).  Great hope exists that lifestyle modifications during any portion of the 
life-span might lead to meaningful differences and more successful aging.  However, the exact 
nature of these mechanisms and the degree to which these mechanisms impact brains differentially 
is still unclear.   
In this body of work, I seek to explore a few of the many phenomena that impact brain 
anatomy within the context of aging.  In chapter two, a thorough review of the literature is 
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presented to summarize the many of the underlying mechanisms behind anatomical and cognitive 
aging.  A particular focus is placed on the effects of cardiorespiratory fitness and vascular health.  
This is done from a micro (usually measured in animals) and macro (measured in-vivo within 
humans) perspective.  In Chapter three I present a cross-sectional study examining the effects of 
cardiorespiratory fitness on the brain anatomy of older adults (Ages 55 to 87).  Specifically, an 
attempt is made to understand the degree to which age and fitness effects overlap (of fail to 
overlap) across cortical and subcortical regions.  Additionally, a theoretical framework from which 
to understand the regional heterogeneity of these effects is presented.   
In Chapter 4 I present a study examining the impact of cerebrovascular compliance (the 
inverse of stiffness), on the brain anatomy of adults across the entire lifespan (18-78).  A between-
participant analysis explores the unique impact of compliance on average volume.  This is followed 
by a regionally specific within-participant analysis, seeking to explain the anatomical variance 
found across brain regions within each individual.  Chapter 5 includes a general discussion of our 
findings and potential future directions for this line of research.    
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Abstract 
A major recent focus of human aging research has examined lifestyle factors which might help to 
curtail the impacts of anatomical atrophy normal to the aging process. Extant animal and human 
literature indicates that fitness has positive effects on the aging brain, staving off cognitive decline, 
and slowing down age-related brain tissue atrophy. In this review, we summarize the known 
mechanisms underlying these beneficial effects. Next, we discuss why fitness effects may differ 
across brain regions, and also discuss some of the temporal dynamics of these fitness effects. 
Lastly, we discuss potential confounds and open questions for future research.   
 
Keywords: Aging; Cardiorespiratory Fitness; Brain Anatomy; Basal Ganglia; Cerebrovascular; 
Human Neurogenesis.   
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Introduction 
With increased age comes a variety of structural and functional changes to the human brain.  
It is generally known that advanced aging is marked by deficits in cognitive performance.  Older 
adults experience a decline in most cognitive functions with marked decreases in executive 
function, processing speed and attentional control, whereas cognitive domains including 
vocabulary and other crystalized abilities seem less impacted by age (Craik & Salthouse, 2011; 
Fabiani, 2012; Grady & Craik, 2000; Park et al., 2002).   These cognitive changes parallel specific 
changes to the brain anatomy and brain function (as indexed by various imaging modalities) found 
with advanced aging.  Anatomically, the majority of brain regions experience significant 
volumetric loss, increased cortical thinning, and histological changes to the brain tissue itself (Fjell 
et al., 2009; Fletcher et al., 2016; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010; 
Ziegler et al., 2012).  Advances in brain imaging have also allowed for increased investigation into 
the functional changes found throughout the lifespan.   Functionally, the aging brain is associated 
with over and under recruitment of neuronal networks, changes to the patterns of network 
activation, and changes to the speed and efficiency of functional responses (Cabeza, 2002; Davis, 
Dennis, Daselaar, Fleck, & Cabeza, 2008; Fabiani, 2012; Fabiani & Gratton, 2012; Reuter-Lorenz 
& Park, 2010).  
 Interestingly, these cognitive, anatomical, and functional changes are not homogeneous 
throughout the population and large individual difference exist.  These pronounced individual 
differences have led to the hypothesis that certain lifestyle factors may contribute to differing 
degrees of successful aging.  Although some of these individual differences might be due to 
inherited genetic predispositions, scientists and clinicians have sought to find lifestyle 
modifications that adults can make to mitigate some of the terrible tolls that age takes upon brain 
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and behavior.  One such modification, increased cardiorespiratory fitness (CRF), has demonstrated 
that increased fitness leads to improvements in the anatomy, function, and cognition of older 
adults.  This line of research began as early as the 1960’s when investigators began studying the 
impact of housing mice and rats in enriched environments (Greenough, Fulcher, Yuwiler, & 
Geller, 1970; Greenough, Volkmar, & Juraska, 1973; Krech, Rosenzweig, & Bennett, 1964; 
Rosenzweig, 1966).  These environments, which often included a running wheel, were found to 
have a positive impact on brain anatomy and cognition (Olson, Eadie, Ernst, & Christie, 2006).  
Since then, many of these findings have been replicated with running wheels alone, suggesting 
that increased physical activity accounts for many of the findings related to environmental 
enrichment (Mustroph et al., 2012; van Praag, 2008; Voss, Vivar, Kramer, & van Praag, 2013).    
 With recent advances in neuroimaging modalities, neuroscientists have started to explore 
the effects of fitness on the brain and cognition of older human adults.  Through a series of cross-
sectional studies, researchers have found an association between cardiorespiratory fitness and 
increased cognitive performance for children (Khan & Hillman, 2014) and older adults (Colcombe 
& Kramer, 2003), although the exact mechanisms as to how fitness affects cognition are less 
established.  One of the leading theories suggests that fitness affects neurons through the 
production of neurotrophic factors, increased dendritic branching, synaptogenesis, and glial 
changes (Wang & van Praag, 2012). Others have claimed that the positive effects of fitness upon 
cerebrovascular health may explain some of the cognitive differences found between low- and 
high-fit older individuals (Davenport, Hogan, Eskes, Longman, & Poulin, 2012).  From a 
biological standpoint, fitness is also associated with an improved oxidative stress response (at the 
level of the endothelium), increased angiogenesis, decreased vascular stiffness, and decreased 
blood viscosity.  From a macroscopic perspective, these effects may lead to greater functionality 
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of the cerebrovascular system including better baseline cerebrovascular blood flow (CBF) and 
improved vascular reactivity.  This may, in turn, enhance metabolic and nutrient supply to 
activated neurons, the lack of which may lead to cell apoptosis and necrosis (de la Torre, 1999).  
These cerebrovascular improvements may subsequently help to bolster neuronal health, prevent 
atrophy, and ultimately enhance/preserve cognition during the aging process.    
 In this review, we combine these views and suggest that both neuronal and cerebrovascular 
factors work in synchrony to provide benefits to macroscopic anatomy and cognitive performance 
in older adults (Figure 2.1).   
 Rodent studies support most of the physiological effects of exercise suggested in Figure 
2.1.  In contrast, human studies are limited to examining mostly macroscopic effects in vivo 
(Figure 2.1, shaded sections).  Within the context of this framework, we will review the major 
microscopic and macroscopic - brain changes induced by fitness by clarifying, summarizing, and 
extending previous reviews with a focus on the potential mechanisms underlying these effects 
(Davenport, Hogan, Eskes, Longman, & Poulin, 2012; McAuley, Mullen, & Hillman, 2013; 
Thomas, Dennis, Bandettini, & Johansen-Berg, 2012; Voss, Nagamatsu, Liu-Ambrose, & Kramer, 
2011; Voss, Vivar, Kramer, & van Praag, 2013; Wang & van Praag, 2012).  Next, we will discuss 
open questions found in the literature including possible reasons for the specificity of fitness 
effects on different brain regions, the ways in which anatomical changes may or may not be 
necessary for cognitive change, and the timing in which different physiological fitness effects 
might manifest throughout the brain.  We will conclude with a discussion on potential 
methodological confounds in the literature with suggestions for future animal and human research 
in this rapidly expanding field.   
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Figure 2.1:  Conceptual diagram illustrating the effects of fitness on vascular and neuronal mechanisms.  Shaded 
regions indicate phenomena normally measured in humans. 
 
Fitness-Induced Growth Factors 
Increased levels of CRF are associated with higher levels of particular growth factors, 
enzymes, and hormones (Figure 2.1a) important for brain development (Voss, Vivar, Kramer, & 
van Praag, 2013).  Some of these factors influence cerebrovascular structures and neurons directly.  
Brain-derived neurotrophic factor (BDNF), implicated in neuronal development and survival, 
increases in specific brain regions in young and aged rodents in response to exercise (Berchtold, 
Chinn, Chou, Kesslak, & Cotman, 2005; Coelho et al., 2014; Ding, Ying, & Gómez-Pinilla, 2011; 
Gómez-Pinilla, Ying, Roy, Molteni, & Edgerton, 2002; Marlatt, Potter, Lucassen, & van Praag, 
2012; Neeper, Goauctemez-Pinilla, Choi, & Cotman, 1995; Neeper, Gómez-Pinilla, Choi, & 
Cotman, 1996; Sartori et al., 2011; Vaynman, Ying, & Gomez-Pinilla, 2004; Wu et al., 2008), 
although it is important to note that with age, the impact of exercise on BDNF is somewhat reduced  
(Adlard, Perreau, & Cotman, 2005; Soya et al., 2007).  Higher levels of circulating BDNF are also 
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noted in humans during acute exercise (Huang, Larsen, Ried-Larsen, Møller, & Andersen, 2014; 
Rasmussen et al., 2009; Szuhany, Bugatti, & Otto, 2015).  In a recent study, Leckie and colleagues 
(2014) showed that circulating BDNF may account for improvements in executive function 
following a one-year fitness intervention, although this mediation was only significant in 
participants in their highest age quartile ( >71 years old).   In contrast, the majority of observational 
studies examining BDNF in older adults with habitual exercise (consistently high levels of exercise 
over a number of years) show an inverse relationship between CRF levels and circulating BDNF 
(e.g. Huang, Larsen, Ried-Larsen, Møller, & Andersen, 2014).  The mechanisms for these 
seemingly contradictory findings remain unclear although one study has speculated that habitual 
exercisers have developed more efficient mechanisms over the years for helping BDNF cross the 
blood-brain barrier, leaving less BDNF available in the blood for direct measurement (Currie, 
Ramsbottom, Ludlow, Nevill, & Gilder, 2009). 
A number of other important trophic factors also increase in response to exercise.  Vascular 
endothelial growth factor (VEGF), which promotes angiogenesis (Figure 2.1b), increases with 
exercise in rodents (Amaral, Papanek, & Greene, 2001; Fabel et al., 2003; Latimer et al., 2011).  
In a one-year longitudinal study of older adults, changes in VEGF (along with BDNF and insulin-
like growth factor 1 (IGF-1)) were associated with changes in functional brain connectivity 
between the middle temporal gyrus and the parahippocampus, though no significant changes in 
circulating VEGF were found (Voss et al., 2013a).  Other studies examined the effects of fitness 
on circulating VEGF within older adults, though the results as a whole have been mixed, with 
some studies showing some or no increases in response to exercise (Vital et al., 2014). 
As explained by Voss and colleagues (Voss, Vivar, Kramer, & van Praag, 2013), exercise 
has been shown to increase brain concentrations of other factors within rodent brains including 
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nerve growth factor (Neeper, Gómez-Pinilla, Choi, & Cotman, 1996), IGF-1 (Carro, Nuñez, 
Busiguina, & Torres-Aleman, 2000; Carro, Trejo, Busiguina, & Torres-Aleman, 2001; Trejo, 
Carro, & Torres-Alemán, 2001), fibroblast growth factor 2 (Gómez-Pinilla, Dao, & So, 1997), and 
tropomyosin receptor kinase B (Vaynman, Ying, & Gomez-Pinilla, 2003).  The exact impact of 
these factors is beyond the scope of this review, however, it is thought that some of these factors 
influence neurovasculature and/or neurons directly (Figure 2.1).   
 
Microscopic Neurovascular Effects 
It has been widely accepted for many years that fitness has a generally positive effect on 
cardiovascular health in humans (Ferrari, Radaelli, & Centola, 2003; Hubert, Feinleib, McNamara, 
& Castelli, 1983).  Poor cardiovascular health is among the most important risk factors for both 
disease and mortality of older adults.   According to the Centers for Disease Control and 
Prevention, heart diseases and cerebrovascular disease were ranked as the #1 and #4 causes of 
death in the United States of America (Murphy, Xu, & Kochanek, 2013).  Older age is by far the 
biggest risk factor for cardiovascular and cerebrovascular dysfunction and is characterized by 
decreased angiogenesis (Lähteenvuo & Rosenzweig, 2012b; Sadoun & Reed, 2003), increased 
oxidative damage (for a review see Cui, Kong, & Zhang, 2012), decreased vascular repair (Hoenig, 
Bianchi, Rosenzweig, & Sellke, 2008), increased arterial stiffness (Vaitkevicius et al., 1993), 
increased blood pressure (Mitchell et al., 2004; Pinto, 2007), and an increase in blood viscosity 
(Carallo et al., 2011).  This cerebrovascular breakdown may contribute to the deficits in 
cerebrovascular perfusion and inefficiencies in neurovascular coupling commonly found in aging 
individuals (Fabiani et al., 2014a).  Here we will briefly review the positive potential impact of 
CRF on some of the biological phenomena specific to aging.    
14 
 
 One of the mechanisms by which fitness might help to improve the endothelium of blood 
vessels is by improving the oxidative stress response, known to decline with age (Figure 2.1c) 
(DeSouza et al., 2000).  Naturally occurring metabolic processes in the body yield byproducts that 
are often harmful to surrounding tissue.  One class of negative byproducts includes reactive 
oxidative species (ROS), the majority of which are mitochondrial-derived (for a review see Cui, 
Kong, & Zhang, 2012).  Production of ROS increases with age (Muller, Lustgarten, Jang, 
Richardson, & Van Remmen, 2007) and has a negative impact on the body (Cui, Kong, & Zhang, 
2012), including the neurovasculature.  To combat the damage caused by ROS, the human body 
has developed defense mechanisms known as the oxidative stress response.  One of the major 
biological theories of aging suggests that most of the negative impacts of aging stem from a buildup 
up of free-radicals, which are coupled with a gradual breakdown in these repair mechanisms 
(Dröge, 2002; Harman, 1955).  Although the degree to which this occurs is still debated, a recent 
meta-analysis of studies in mice deficient in key antioxidant enzymes shows, at a minimum, a 
decrease in health-span (how much of one’s life is experienced without disease) (Hamilton, Walsh, 
& Van Remmen, 2012).     
As shown in Figure 2.2, advanced aging leads to a decreased stress resistance in response 
to ROS, leading to endothelial dysfunction and decreased CBF regulation.  This might lead to 
declines in neural efficiency and/or neuronal cell death (See Davenport et al., 2012 for a detailed 
review).   
Fitness may help mitigate some of these dysregulations that typically develop with 
advancing age (Davenport, Hogan, Eskes, Longman, & Poulin, 2012; Thorin & Thorin-Trescases, 
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2014).  As outlined by 
Davenport and colleagues 
(2012), chronic exercise 
may lead to an increased 
efficiency of antioxidant 
enzymes, which may lead 
to decreases in ROS, 
leading to increased 
bioavailability of Nitric 
Oxide (NO).   Increased 
production of NO then leads to an increased cerebrovascular response (known to decline with age), 
increased vascular homeostasis, and increased production and regulation of BDNF.    
It is important to note, however, that the oxidative stress induced by exercise involves a 
hormetic response, with positive effects at low doses of ROS and exercise, and negative effects of 
ROS at high doses.  Therefore, in a somewhat counterintuitive fashion, regular mild exercise leads 
to a mild increase of ROS, which in turn activates antioxidant enzymes and the antioxidant repair 
systems, leading to greater protection from oxidative damage throughout the entire body.  
Repeated exercise thus acts to build up this adaptive response which helps stave off some of the 
natural “breakdown” that the oxidative repair system experiences with age (Thorin & Thorin-
Trescases, 2014).  However, these benefits are best recognized with moderate exercise, 
demonstrating decreased benefits in overly trained individuals (Radak, Chung, Koltai, Taylor, & 
Goto, 2008).    
Figure 2.2:  Flow chart representing the effects of reactive oxygen species 
(ROS) on cerebrovascular health in young and older adults.  Note that fitness 
acts to minimally increase ROS, thus improving stress resistance. 
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Another way in which fitness bolsters micro-neurovascular health is the ability for exercise 
to enhance angiogenesis (Figure 2.1c) known to naturally decline with age (Egginton, 2009; 
Lähteenvuo & Rosenzweig, 2012a; Sadoun & Reed, 2003).   It is suggested that this exercise-
induced angiogenesis leads to some of the anatomical and cognitive gains recognized with exercise 
(Ding et al., 2006; Ding et al., 2004; Lähteenvuo & Rosenzweig, 2012b; Petren, 1938; Wang & 
van Praag, 2012).  Exercise increases both angiogenesis and proliferation of brain endothelial cells 
in the hippocampus (Ekstrand, Hellsten, & Tingström, 2008; Isaacs, Anderson, Alcantara, Black, 
& Greenough, 1992a; van Praag, Shubert, Zhao, & Gage, 2005), regions of the cortex (Ding et al., 
2004; Ekstrand, Hellsten, & Tingström, 2008; McCloskey, Adamo, & Anderson, 2001; Swain et 
al., 2003), and striatum (McCloskey, Adamo, & Anderson, 2001).  IGF-1 and VEGF are thought 
to mediate the effects of angiogenesis, and as mentioned previously, running leads to increased 
IGF and VEGF protein in the rodent brain (Carro, Trejo, Busiguina, & Torres-Aleman, 2001; Ding 
et al., 2006; Fabel et al., 2003).  While many of these studies demonstrated increased angiogenesis 
in older rodents that exercised, these results were not observed in at least two other studies (Creer, 
Romberg, Saksida, van Praag, & Bussey, 2010; van Praag, Shubert, Zhao, & Gage, 2005).   
Exercise has many other positive effects on the cerebrovascular system within the context 
of aging (Figure 2.1c).  For instance, fitness was associated with decreased blood viscosity in a 
study of 3,954 British men aged 60-79 years (Wannamethee et al., 2002).  This is particularly 
important as blood gets thicker with age (Carallo et al., 2011) and increases in blood thickness 
have been associated with several negative effects including increased peripheral resistance, 
reduced cerebral blood flow and velocity, and increased probability of clotting and stroke (Lowe, 
Lee, Rumley, Price, & Fowkes, 1997).  This may help explain why fitness reduces systemic blood 
pressure in old age, which is associated with better cognitive outcomes (Launer, Masaki, 
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Petrovitch, Foley, & Havlik, 1995; Waldstein, Giggey, Thayer, & Zonderman, 2005; Whelton, 
Chin, Xin, & He, 2002).   
Lastly, high fitness prevents further stiffening of blood vessels throughout the body 
(Fleenor, Marshall, Durrant, Lesniewski, & Seals, 2010; Seals, 2003; Tanaka et al., 2000).  In 
recent papers from our lab, we employed a novel technique that uses diffuse optical imaging to 
index arterial elasticity (a parameter inversely related to arterial stiffness) in the cerebral cortex of 
older adults (Fabiani et al., 2014b).  High-fit older adults had less arterial stiffness across the brain, 
relative to age-matched, low-fit older adults. Furthermore, arterial elasticity was positively 
associated with increased global brain volume, both in gray and white matter. Similar results were 
found in a new independent sample of younger and older adults using a denser optical montage, 
suggesting that these effects are robust across the adult lifespan (Tan et al, 2016, 2017). Although 
these results are promising, it is unlikely that fitness interventions (started later in life) are able to 
reverse the arterial stiffness already accumulated, but may instead act to prevent some degree of 
future stiffening. Longitudinal studies, examining the impact of fitness at varying stages of life are 
needed to establish a causal link between fitness and vascular stiffness within the brain.   
 
Macroscopic Neurovascular Intermediates 
 The microscopic vascular effects just described may lead to improvements in macroscopic 
intermediate phenomena, such as increased CBF and improved cerebrovascular reactivity, which 
may in turn influence brain anatomy and function (Figure 2.1d).  CBF is influenced primarily by 
three physiological factors: blood viscosity, cerebrovascular tone, and cerebral perfusion pressure, 
all of which are altered with advanced aging.  Several animal studies support the idea that fitness 
improves CBF (Akazawa et al., 2012; Albinet, Mandrick, Bernard, Perrey, & Blain, 2014; Endres 
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et al., 2003; Gertz et al., 2006; Mariotti et al., 2014; Querido & Sheel, 2007; Swain et al., 2003). 
In humans, resting CBF is predictive of pathological cognitive decline and the conversion from 
mild cognitive impairment to dementia (Chao et al., 2010). In healthy older adults, fitness has also 
been shown to correlate with resting CBF (Ainslie et al., 2008; Bailey et al., 2013; Barnes, Taylor, 
Kluck, Johnson, & Joyner, 2013; Brown et al., 2010; Lucas et al., 2012; Murrell et al., 2013; Ogoh 
& Ainslie, 2009), but the relationship between CBF and cognitive function has been more 
inconclusive (Bertsch et al., 2009, Lucas et al., 2012).  
 One factor that may lead to some of the discrepancies in the literature is that fitness may 
not impact CBF in all regions equally. A recent study showed that estimated cardiorespiratory 
fitness (eCRF) mediates the effect of age on cerebral blood flow (CBF) in gray but not white 
matter, and also found that CBF had regionally specific correlations with brain volume 
(Zimmerman et al., 2014).  Frontal CBF predicted frontal but not parietal brain volume, and 
parietal CBF predicted parietal but not frontal volume.   
 In addition to resting CBF, cerebrovascular reactivity (changes in CBF in response to 
demand) also relates to fitness and may play a role in cognition (Barnes, Taylor, Kluck, Johnson, 
& Joyner, 2013). In a recent study, the complex relationship between neuronal and hemodynamic 
changes with age was examined in response to visual stimulation (Fabiani et al., 2014a).  Age-
related changes in neurovascular coupling were especially significant for low-fit older adults. 
Specifically, despite an equally large neuronal response in the high- and low-fit older adults, the 
low-fit older adults had a reduced HbO2 response. There is some evidence to suggest that these 
reactivity changes may affect cognitive performance. For example, Albinet and colleagues (2014) 
demonstrated that compared to a low-fit group, high-fit older women performed better on a random 
number generation task while also showing a greater HbO2 response in bilateral dorsolateral 
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prefrontal cortices (DLPFC) during the task.  Across all participants, the relationship between 
fitness and performance was partially mediated by the HbO2 response in right DLPFC. Even in 
younger adults, cerebrovascular reactivity has been shown to be an important predictor of 
cognitive control function (Guiney, Lucas, Cotter, and Machado, 2015). Besides cognitive 
manipulations, cerebrovascular reactivity can also be quantified using physiological challenges 
such as a breath-holding task. Using diffuse optical imaging, our lab recently found that greater 
cerebrovascular reactivity was associated with younger age and higher performance on the 
modified mini-mental status examination, a measure of general cognitive function (Tan et al., 
2016). These studies indicate that fitness is associated with improved cerebrovascular reactivity in 
older adults and that those improvements in reactivity may potentially lead to improved cognition.  
More research is needed to determine the extent to which resting CBF and CBF-related to 
cerebrovascular reactivity are independent and how much each is able to predict variability in 
different domains of cognition. 
 
Microscopic Neuroanatomy 
 Extensive animal research indicates that the neurons of older animals have specific 
neurophysiological differences compared to those of their younger counterparts (See Riddle, 
Kumar, & Foster, 2007 for a detailed review).  Increased exercise, however, leads to micro-
structural changes in the brain tissue itself that may counteract some of these deficits (Figure 2.1f). 
Fitness has been shown to increase dendritic branching (Greenough & Volkmar, 1973) and 
synaptogenesis (Ambrogini et al., 2013).  Additionally, fitness may also benefit glial cells by 
increasing astrocyte density and decreasing markers of astrocyte hypertrophy (Latimer et al., 2011; 
Li et al., 2005; Mandyam, Wee, Eisch, Richardson, & Koob, 2007).   
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Other data suggests that fitness can affect neuronal viability.  Using magnetic resonance 
spectroscopy in 137 older adults, N-acetyl aspartate (NAA; found primarily in the cell bodies of 
neurons) was examined in an attempt to demonstrate that fitness induces unique neuronal changes 
beyond vascular changes (Erickson et al., 2012).  Although NAA concentration decreased with 
age in right frontal cortex, this decline was offset by higher aerobic fitness levels, consistent with 
the hypothesis that fitness influences neuronal viability in older adults.  In addition, these 
researchers went on to show that NAA mediated an association between fitness and working 
memory, suggesting that neuronal viability may play at least some role in the positive effects of 
fitness on cognitive function. 
One of the most studied effects of fitness on microscopic brain anatomy suggests that 
exercise increases the rate of new neuron generation within the brain after initial development 
(Figure 2.1f), a process known as neurogenesis (Braun & Jessberger, 2014; Clemenson, Deng, & 
Gage, 2015).  Neurogenesis is hypothesized to increase macroscopic volume, improve brain 
function, and enhance cognition.  In the rodent brain, only two regions are known to undergo 
neurogenesis following the completion of brain development, the olfactory bulb and the dentate 
gyrus of the hippocampus (Altman, 1969; Altman & Das, 1965; Pignatelli & Belluzzi, 2010).  
Interestingly, in rodents, advancing age seems to slow the rate of neurogenesis, providing a 
possible link with cognitive deficits noticed in advancing age (Kuhn, Dickinson-Anson, & Gage, 
1996).  Though a baseline level of neurogenesis seems to occur in sedentary mice and rats, those 
allowed to regularly exercise have been shown to double the rate of dentate gyrus neurogenesis, 
with no effect found in the olfactory bulb (Brown et al., 2003; Farmer et al., 2004; van Praag, 
2008; van Praag, Kempermann, & Gage, 1999).  Most studies have shown that exercise-induced 
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neurogenesis survives into old age, with one noted exception (See Creer, Romberg, Saksida, van 
Praag, & Bussey, 2010).  
It is well documented in rodents that fitness leads to increases in neurogenesis and in 
learning and memory, though it is still important to determine if increased neurogenesis directly 
contributes to enhancements in learning and memory.  The hippocampus is specifically implicated 
in tasks involving spatial memory as well as other tasks such as pattern separation, passive 
avoidance, and contextual fear conditioning, which may involve not only cognitive but also motor 
aspects.  With knowledge of these hippocampal-specific domains of cognition, researchers have 
investigated the role that exercise-induced neurogenesis specifically plays in the improvements in 
performance seen on these tasks.  In one study, Creer and colleagues (2010) showed that increased 
neurogenesis within the dentate gyrus as a result of running was tightly associated with increased 
pattern separation performance (note, these effects were not seen in very old mice within the same 
study).  In a different study, improved pattern separation performance was found in rodents bred 
for “enhanced” dentate neurogenesis (Bakker, Kirwan, Miller, & Stark, 2008).  In contrast, some 
studies have shown that hippocampal neurogenesis is not directly implicated in the cognitive 
enhancements experienced with exercise.  In a recent study, Siette and colleagues (2013) showed 
that although neurogenesis occurred in young and old rodents who ran, it was not specifically 
associated with performance on a place recognition task.  Thus, although some animal findings are 
suggestive of a causative link, more work is required to establish if neurogenesis as a critical 
mediator for specific cognitive changes. 
 Evidence for neurogenesis in human adults was first discovered by injecting post-mortem 
brains with bromodeoxyuridine (Eriksson et al., 1998).  In the past few years, radioactive 14C has 
been used to “date stamp” the creation of multiple cell types in the body, including new neurons.  
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Due to the extensive past nuclear weapons testing, 14C was released into the atmosphere and 
incorporated into living tissue to various degrees.  Researchers discovered that when new cells 
divide, they incorporate the same proportion of 14C into the new cell as currently existed in the 
atmosphere at the time of their generation, allowing scientists to determine the approximate date 
when each new cell in the human body was made (Spalding, Bhardwaj, Buchholz, Druid, & Frisén, 
2005).  Recently, researchers have used this technique to examine the human brain and estimated 
that approximately 1,400 new neurons are made in the dentate gyrus of the hippocampus each day 
(Spalding et al., 2013).  This novel methodology has also helped researchers determine some of 
the major differences regarding neurogenesis in humans versus rodents (Ernst & Frisén, 2015).  
Compared to rodents, neurogenesis in the adult human dentate gyrus is subject to more turnover 
and declines less with advancing age.  Evidence by Ernst and colleagues (2014) showed that 
neuroblasts generated in the subventricular zone of the lateral ventricle migrate to the striatum, not 
the olfactory bulb, in human adults (Figure 2.3), suggesting another location where fitness induced 
neurogenesis might occur. 
FIGURE 2.3:  The effects of fitness on neurogenesis in humans.   In rodents, neuroblasts from the subventricular zone 
migrate to the olfactory bulb. 
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Although no postmortem study to date has examined the effects of earlier life fitness on 
neurogenesis in humans using this method, exercise-induced neurogenesis might help to explain 
the especially pronounced effects of fitness on the hippocampus and basal ganglia anatomy of 
older adults (discussed later in this review).  It might also help to explain the boosts that fitness 
gives to high-fit individuals while performing hippocampal- and striatal-dependent tasks (Erickson 
et al., 2011).  
 
Macroscopic Neuroanatomy 
It has been proposed that increased CRF may help stave off the normal atrophy experienced 
during healthy aging at the macroscopic level (Figure 2.1g).  Advances in structural magnetic 
resonance imaging (sMRI) have allowed researchers to estimate the effects of CRF on specific 
brain volumes of interest.  Voxel-based morphometric (VBM) studies examining the effects of 
fitness on the brain have yielded varying results.  Recently, surface-based approaches have also 
surveyed the relationship between fitness, volume, and cortical thinning. 
 
Fitness Impacts Global Volume 
 To date, a few investigators have examined the effects of fitness on total brain volume, 
including total gray and total white matter (Bugg & Head, 2011; Gordon et al., 2008).  After 
adjusting for differences in age and gender, no study has shown a convincing link between fitness 
and global anatomical volumes.  These results suggest that the effects of fitness do not simply 
reverse brain atrophy globally.  Instead, fitness is thought to affect a limited number of regions.   
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Fitness Impacts on the Cortex:  Volumetric atrophy and Cortical Thinning 
Over the past decade, a number of studies have examined the effect of fitness on volumetric 
changes of specific cortical structures in aging humans.  One of the first studies to examine these 
effects demonstrated that a six-month aerobic fitness intervention on low-fit older adults (ages 60-
79) led to significant increases in the volumes of the dorsal anterior cingulate, supplementary 
motor area, middle frontal gyrus, and left superior temporal lobe (Colcombe et al., 2006b).  
A cross-sectional study from our lab yielded slightly different results where fitness was 
uniquely associated with volumes in the anterior parietal, inferior frontal, and medial temporal 
areas (Gordon et al., 2008).  A number of additional cross-sectional studies have shown that 
superior frontal lobe (Bugg & Head, 2011) superior temporal gyrus, (Colcombe et al., 2006a; 
Fletcher et al., 2017), precentral gyrus (Fletcher et al., 2017), pericalcarine region (Bugg & Head, 
2011), posterior cingulate (Demirakca et al., 2014; Fletcher et al., 2017), and anterior parietal 
cortex (Gordon et al., 2008) are associated with fitness level in older adults.  Additionally, 
Weinstein and colleagues (2012) used VBM to demonstrate that fitness was associated with 
volumetric preservation in the prefrontal cortex and that this prefrontal preservation mediated the 
effects of CRF on executive function.    
Currently, there is a dearth of studies examining the effects of CRF on cortical thinning 
patterns experienced during normal aging.  Examination of cortical thinning patterns offers 
additional insight compared to volumetric analysis alone as it has been shown that changes in 
surface area and thickness do not necessarily follow each other (Panizzon et al., 2009; Rimol et 
al., 2012; Sanabria-Diaz et al., 2010; Winkler et al., 2010).   For instance, one of these measures 
(area or thickness) could increase while the other decreases, leading to the exact same volume as 
before the anatomical change had occurred within an individual (https://surfer.
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nmr.mgh.harvard.edu/fswiki/UserContributions/
FAQ).  In one of the few studies of fitness and 
cortical thinning to date, the International 
Physical Activity Questionnaire was used to 
examine the effects of physical activity on the 
cortical thinning experienced during a three-year 
longitudinal study (Walhovd, Storsve, Westlye, 
Drevon, & Fjell, 2014).  Though baseline fitness 
levels were not obtained, physical activity at 
follow-up was associated with less thinning in 
the left prefrontal cortex.  In contrast, one other 
study showed that healthy older adults 
experienced no significant change in cortical 
thickness upon completion of a six-month fitness 
intervention of middle-aged adults between the 
ages of 18 and 48 (Scheewe et al., 2013).  In a 
recent cross-sectional study in our lab (Figure 
2.4), high-fit older adults displayed a different 
pattern of thinning with age compared to low-fit 
older adults of the same age (Fletcher et al., 2014).  
These results suggest that high- and low-fit older 
adults may experience varying trajectories of 
Figure 2.4: Cortical thinning with age for high-fit and 
low-fit groups. Blue indicates areas with significant 
age-related thinning (p<.01). Red indicates areas with 
significant age-related thickening (p<.01). Data were 
processed as follows: (1) participants were divided 
into old and young based upon a median split of age; 
(2) participants were divided into groups based on 
gender; (3) within each of these four groups, a median 
split of eCRF was done. This allowed for participants’ 
designation as high- or low-fit to be based on their 
gender and age group; (4) general linear model 
analyses were performed using FreeSurfer. The 
association between cortical thickness and age is 
shown.  Separate analyses were performed for high- 
and low-fit groups. Analyses for left and right 
hemispheres were also performed separately. 
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cortical thinning with age although additional studies are needed to confirm these findings.    
 
Subcortical Effects 
In regards to the effects of fitness on subcortical macro-anatomy, the medial temporal lobe 
(MTL) is by far the most studied anatomical region (Intlekofer & Cotman, 2013).   This focus 
stems from the importance of the MTL in long-term memory (Eichenbaum & Cohen, 2014), its 
potential for neurogenesis (Ernst & Frisén, 2015), and its importance in the early stages of 
Alzheimer’s disease (Shi, Liu, Zhou, Yu, & Jiang, 2009).  Cross-sectional studies performed in 
our lab on older adults showed a unique effect of fitness on the medial temporal lobe (Gordon et 
al., 2008).  Other VBM studies examining subcortical regions have demonstrated that CRF is 
associated with larger hippocampi, and that exercise interventions prevent atrophy or even lead to 
an increase in hippocampal size (Demirakca et al., 2014; Erickson et al., 2011; McAuley et al., 
2011).  Using a surface-based approach, Bugg and Head (2011) used FreeSurfer (Dale, Fischl, & 
Sereno, 1999; Fischl, Sereno, & Dale, 1999) to examine the effects of running, jogging, and 
walking (as indexed by a questionnaire looking at the past 10 years) on a few regions of interest 
in older adults (55-79).  Although only some regions were examined, they showed that exercise 
moderated atrophy in the medial temporal lobe (MTL), but failed to show an interaction between 
age and exercise in other regions (including areas of the prefrontal cortex and parietal lobes). 
Fitness has also been found to be associated with volumetric changes in some sub-regions 
of the basal ganglia.  A positive association between baseline fitness levels and dorsal striatum 
(caudate nucleus and putamen) volume was shown in young children (Chaddock et al., 2010).   A 
study of adults aged 59-81 showed an association between VO2max and baseline volumes of the 
caudate and nucleus accumbens (Verstynen et al., 2012).  In an interventional study involving 
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older adults, seniors who engaged in exercise demonstrated a lack of age-related caudate volume 
decline, a decline that instead was observed in their healthy age-matched controls (Erickson et al., 
2011).  Lastly, a recent study from our lab showed that the strongest effects of fitness on volumetric 
measures were found in the striatum as a whole, with the strongest effects found in the putamen 
(Fletcher et al., 2017).  The effects of fitness on other subcortical regions have varied, including 
fitness effects in the thalamus (Colcombe et al., 2003) and amygdala (Fletcher et al., 2016).   
 
White Matter Effects 
Recently, investigators have begun to examine the effects of fitness on the structure and 
integrity of white matter in older adults (Figure 2.1g).  In our lab, no unique association was found 
between fitness and white matter volume, as assessed by VBM (Gordon et al., 2008).  Colcombe 
and colleagues (2006a) found that cardiorespiratory fitness was associated with the size of the 
anterior third of the corpus callosum.  Beyond volumetric analysis, a few studies to date have used 
diffusion tensor imaging (DTI) to examine the effect of fitness on white matter integrity. One study 
of 26 healthy seniors showed a significant association between the fractional anisotropy (FA) of 
portions of the corpus callosum and CRF (Johnson, Kim, Clasey, Bailey, & Gold, 2012).  A 
different study examining the cingulum also showed a significant association between FA and 
CRF (Marks, Katz, Styner, & Smith, 2010).  Additionally, master athletes show significantly 
higher FA in a number of regions compared to sedentary counterparts (Tseng et al., 2013).  In a 
recent cross-sectional study, Burzynska and colleagues (2014) used accelerometry over the course 
of one week to monitor the activity of older adults.  Their results showed that low activity levels 
were associated with lower integrity in white matter near the parahippocampal region and that 
even light exercise was associated with improved white matter integrity in temporal regions.  Their 
28 
 
results also suggested an inverse relationship between white matter lesions (e.g. hyperintesnsities) 
and levels of increasing activity.  In a similar study, Voss and colleagues (2013b) examined 
changes to white matter integrity in a fitness intervention study but failed to demonstrate effects 
of fitness on overall FA estimates (although fitness changes were significantly associated with FA 
changes within a few frontal and temporal regions).   
In summary, fitness has a generally positive effect on both gray and white matter volume 
and integrity.  Due to the varied nature of these findings and the differences of the total number of 
regions examined within each study, more studies examining all brain regions are needed to help 
elucidate which cortical and sub-cortical brain regions are most affected by exercise.   
 
Microscopic Neuronal Function 
 By micro-neuronal function, we refer to studies that have examined the effects of aging 
and fitness at the neuronal (or glial) level (Figure 2.1i).  Animal work has shown that aging is 
associated with reduced conduction velocity, decreased cell excitability, and decreased synaptic 
strength (Kumar & Foster, 2007; Rizzo, Richman, & Puthanveettil, 2014). Deficits have also been 
noted in long-term potentiation/depression (LTP and LTD, Barnes, 2003; Kumar, 2011; Shankar, 
Teyler, & Robbins, 1998) and neuronal synchronization (Karrasch, Laine, Rapinoja, & Krause, 
2004).   
 In the past decade, a number of rodent studies have also focused on the effect of exercise 
on LTP and LTD, due to the hypothesized relationship of these phenomena with learning and 
memory.  In brief, studies have shown that younger and older mice who exercise demonstrate 
enhanced LTP (Dao et al., 2013; Liu, Zhao, Cai, Zhao, & Shi, 2011; Miladi-Gorji, Rashidy-Pour, 
Fathollahi, Semnanian, & Jadidi, 2014; O'Callaghan, Griffin, & Kelly, 2009; Patten et al., 2013; 
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van Praag, Christie, Sejnowski, & Gage, 1999). These changes to LTP are also associated with 
better performance on a variety of cognitive tasks (Liu, Zhao, Cai, Zhao, & Shi, 2011).  
One group of studies, involving patients with peripheral neuropathy, have shown that 
exercise leads to improvements in intra-epidermal nerve fiber density/branching (Kluding et al., 
2012; Smith et al., 2006), measures related to axon reflex testing (Smith et al., 2006), nerve 
conduction velocity, and measures of vibration threshold (Balducci et al., 2006).  A number of 
other studies in healthy individuals have examined the effects of fitness on neuronal excitability 
through paired associative stimulus with varying results (Cirillo, Lavender, Ridding, & Semmler, 
2009; Kumpulainen et al., 2015; McDonnell, Buckley, Opie, Ridding, & Semmler, 2013). 
  
Macroscopic Neuronal Function 
By using the term “macroscopic neuronal function” we indicate studies that have used 
noninvasive, human imaging methods to examine brain function in aging and fitness.  In the past 
two decades, functional brain imaging has elucidated many differences in how older adults process 
various neuropsychological tasks (Fabiani, 2012; Fabiani & Gratton, 2012).  Differences in 
patterns of activity between younger and older adults at the level of functional resolution provided 
by human imaging can be interpreted as either compensatory or deleterious to cognition. The term 
compensation has historically been used in aging research to describe cases where alternate neural 
networks are functionally activated than those in younger adults (e.g., To explain the posterior-
anterior shift in aging (Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008) and hemispheric 
asymmetry reduction in older adults (Cabeza, 2002) activation changes in aging).  This definition 
of compensation has been expanded more recently to included cases where the same network is 
utilized differently in older and younger adults, such as greater task-related activation (e.g., the 
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compensation-related utilization of neural circuits hypothesis; Reuter-Lorenz & Cappell, 2008). In 
cases where the different pattern of activity in older adults leads to greater performance, the idea 
of compensation is straightforward. However, the interpretation of differential activity becomes 
more complicated when the activity is associated with maintained or decreased performance since 
the new activation pattern could either be failing to compensate completely or could be directly 
related to the poorer performance.  
The difficulty in using functional imaging methodologies to explore these issues is that 
imaging analyses are most powerful when investigating commonalities in patterns of activity 
within groups rather than individual differences in the underlying activation patterns. For this 
reason, in studies of the effects of fitness on aging using functional imaging, older, high-fit adults 
generally look more like younger adults than older, low-fit adults. In other words, the health 
benefits to brain function from exercise manifest as a reduction in compensatory activity rather 
than as improved compensatory activity, even though both cases may be true. A full survey of the 
extensive research on how fitness influences the functional activity of the brain is beyond the scope 
of this review, but a number of past reviews have synthesized this information well (Bherer, 
Erickson, & Liu-Ambrose, 2013; Erickson, 2011; Gomez-Pinilla & Hillman, 2013; Voss, Vivar, 
Kramer, & van Praag, 2013). For our purposes, it is sufficient to summarize these reviews by 
indicating that across human imaging techniques, brain activity differs as a function of aerobic 
fitness in older adults, especially in networks involved with executive function, and that these 
differences in activity most often correspond with improved cognition.    
Although the study of age-related differences in functional imaging is maturing, more work 
is needed to illuminate on the specific neural mechanisms responsible for changes in activity, 
which can then be more readily connected to the biological benefits of exercise on the brain. A 
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novel study by McGregor and colleagues (2011) combined Transcranial Magnetic Stimulation 
(TMS) with fMRI to examine the effects of fitness on measures related to inter-hemispheric 
inhibition. Their results indicated that active seniors’ functional activation patterns were most 
similar to younger adults, and that loss of inhibition (common to aging), was ameliorated within 
the high-fit older group.   
 
Fitness Impacts Cognition 
In most instances, fitness-induced changes in cognition are one of the end goals of exercise 
interventions for older adults (Figure 2.1j).  It is well known that age has a negative impact on 
many, but not all, domains of cognition (Park et al., 2002).  Additionally, declines in cognition for 
healthy individuals appear as early as the second decade of life (Salthouse, 2009). There is still 
some debate as to the extent and specificity that aging affects cognition, mostly due to 
discrepancies between cross-sectional and longitudinal studies of age-related cognitive decline 
(see Hedden & Gabrieli, 2004 for a discussion of this data). In general, it appears that cognitive 
domains important for fluid intelligence (especially relying on processing speed) decline the most 
with aging, Recent work in our lab supports these existing finding where we found age-related 
declines in fluid cognition was mediated sequentially by a reduction in cerebral arterial elasticity 
and greater white matter signal abnormalities (Tan et al., 2017).  Conversely, domains important 
for crystallized intelligence that rely on learned knowledge and experience, such as verbal ability, 
actually increase.  
  Over the past two decades, mounting literature has shown an association between fitness 
levels and cognition in older adults, and a number of reviews on this topic have been written 
(Bherer, Erickson, & Liu-Ambrose, 2013; Draganski & May, 2008; Erickson, Hillman, & Kramer, 
2015; Kashihara, Maruyama, Murota, & Nakahara, 2009; McAuley, Mullen, & Hillman, 2013; 
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Raz & Lindenberger, 2013; Reaburn, 2014; Thomas, Dennis, Bandettini, & Johansen-Berg, 2012; 
Voss, Nagamatsu, Liu-Ambrose, & Kramer, 2011; Voss, Vivar, Kramer, & van Praag, 2013).  A 
hallmark meta-analytic study in 2003, which reviewed 18 studies from the previous 35+ years, 
examined the impacts of exercise on cognition in older adults between the ages of 55 and 80 years 
of age (Colcombe & Kramer, 2003).  Older adults in exercise intervention groups showed 
significant gains compared to control groups in tasks related to executive control (planning, 
inhibition, e.g. Erikson’s Flanker task), visuospatial skills (visual spatial information, e.g., Benton 
test), speed (reaction time, finger-tapping), and controlled processes without executive-like 
characteristics (e.g. choice reaction time task). The strongest effects were found for tasks related 
to executive function.   
Subsequent meta-analyses have generally shown some benefit of fitness on cognition, but 
have differed in the specific details and effect sizes. As the research grows, more detailed questions 
can be assessed through meta-analysis of this extensive literature. For example, it is a practical 
question to understand how fitness interventions compare with cognitive training in improving 
cognitive performance. A meta-analysis performed on forty-two studies (3,781 adults over 55), 
demonstrated that aerobic fitness interventions generally improved performance on untrained 
cognitive tasks. However, a similar effect size was observed for groups who underwent 
interventions involving extended practice of cognitive tasks instead of exercise training (Hindin & 
Zelinski, 2012), demonstrating that these two types of interventions are somewhat comparable.  It 
is also important to understand how different types of exercise interventions may benefit different 
cognitive capacities. A meta-analysis examining the effects of acute (one bout of exercise) and 
long-term (multiple bouts of exercise) fitness interventions on human memory showed a positive 
effect of exercise on short and long-term memory (Roig, Nordbrandt, Geertsen, & Nielsen, 2013).  
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Interestingly, acute exercise interventions had a greater impact on short and long-term memory 
than interventions of longer duration. The authors explained this result as both intervention types 
representing different but complementary mechanisms towards improving memory. Acute 
exercise may improve memory by directly priming relevant molecular machinery involved in 
memory in a time-dependent fashion, whereas long-term interventions maintain the molecular 
machinery and maximize the memory benefit from single sessions of exercise. 
Whereas on the one hand there is a need for more detailed and specific investigation into 
exercise interventions on cognition, on the other hand, there is a call for greater consistency in 
research design in order to discover the root of discrepancies in the results of randomized 
controlled intervention studies. A recent meta-analysis by Kelly et al. (2014) found no significant 
effect of cardiorespiratory fitness interventions on cognition in adults aged 50 or older. However, 
they did find a benefit for Tai Chi over no exercise controls on measures of attention and 
processing speed as well as an improvement for resistance training over stretching/toning on 
measures of reasoning. The inconsistencies with prior meta-analyses on the effects of aerobic 
exercise highlight the importance of the age range, baseline physicality, and cognitive or other 
health impairments of the studied participants in exercise interventions.  The future of this research 
should strive for a middle ground, where variations on exercise programs and participant inclusion 
criteria can still be examined, but cognitive outcome measures and the rigor of study design 
become more consistent.  
 
Regional Selectivity and Theoretical Basis of Effects 
In the second half of this review, we will discuss a number of theories (some new) about 
the relationship between fitness and the aging human brain.  One important debate, mostly 
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unaddressed in the current literature, is encapsulated in a few simple questions.  What are the 
dominant mechanisms of fitness effects on brain anatomy?  Does fitness confer global or regional 
benefits to brain tissue? If specific effects exist, what/which mechanism(s) explain(s) these 
differences? 
 It is possible that one dominant mechanism underlies most of the change that fitness exerts 
on the neuroanatomical changes recognized with age.  Alternatively, multiple mechanisms might 
summate to influence these macroscopic changes.  We will examine a few hypothetical 
mechanisms, each by themselves, followed by a potential synthesis of all of these mechanisms.   
One potential mechanism to explain the neural changes underlying the effects of fitness on 
anatomy and cognition suggests that creation of new neurons (stimulated by the production of 
neurotrophic factors by the muscles) is the dominant effect (Figure 2.5a).  This explanation 
remains appealing, although it likely arose from the initial excitement surrounding the discovery 
that new neurons could, in fact, grow later in life.  Researchers soon realized that adult 
neurogenesis does not occur throughout the entire brain but is specific to the dentate gyrus and 
basal ganglia of humans (and the dentate gyrus and olfactory bulb of rodents) (Ernst & Frisén, 
2015).  It is possible that neurogenesis, in part, contributes to the volumetric changes found in 
older adults; however, the anatomical impact of fitness on additional regions of the brain suggests 
that other mechanisms must also contribute to these changes (Colcombe et al., 2003).    
A similar, but somewhat different mechanism suggests that the neurotrophic effects of 
exercise are not restricted to neurogenesis, but extends to other ways in which neurons can expand 
(or be maintained), including dendritic branching and/or pruning. Within this theory, a way to 
account for the variability of fitness effects across the brain is that neurotrophic factors are found 
at varying concentrations in different parts of the human and rodent brain (Figure 2.5c), which in 
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theory might lead to different anatomical outcomes.  As pointed out by Voss and colleagues 
(2013), past rodent studies have demonstrated that exercise-induced BDNF expression is not found 
throughout all brain tissues but exerts regionally specific effects in areas such as the amygdala, 
cerebellum, and dentate gyrus to name a few (Gómez-Pinilla, Ying, Roy, Molteni, & Edgerton, 
2002; Liu et al., 2009; Vaynman, Ying, & Gomez-Pinilla, 2004).  In contrast, IGF-1 shows 
specification to the striatum, cortex, hippocampus, thalamus, cerebral spinal fluid, and brain stem; 
whereas VEGF is mainly increased in the hippocampus (Carro, Trejo, Busiguina, & Torres-
Aleman, 2001; Tang, Xia, Wagner, & Breen, 2010; Trejo, Carro, & Torres-Alemán, 2001).  More 
studies, specifically investigating multiple brain regions simultaneously, would help to elucidate 
the variance of these factors across the entire brain. 
 
Figure 2.5:  Hypothesized unequal distribution of fitness effects across various regions of the brain.  A:  Regions of 
the brain exhibiting neurogenesis.  B:  Some of the regions of the brain implicated in sensory-motor function. The 
“use it or lose it” hypothesis seems to imply that exercise impacts these specific regions, thus staving off the future 
atrophy of these regions.  C:  Different neurotrophic factors in circulation migrate to different regions of the brain.  
In rodents, different regions of the brain display varying concentrations of these factors influenced by fitness.  Image 
of human body was labeled for noncommercial reuse with modification. 
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Another theory posits that it is the many exercise-induced vascular effects mentioned 
previously that drive most of the exercise-induced effects on brain anatomy (Davenport, Hogan, 
Eskes, Longman, & Poulin, 2012).  Although the vasculature only comprises a small portion of 
total brain volume, at least one review suggested that sufficient changes to neurovascular density 
might be enough to account for the typical effect sizes of fitness on gray matter (Thomas, Dennis, 
Bandettini, & Johansen-Berg, 2012).  Although this explanation is interesting, more studies are 
needed to determine the degree of these effects in aging humans.    
The “use it or lose it” hypothesis seeks to explain the regional selectivity of exercise-
induced brain effects (Salthouse, 2006).  This theory stems from the idea that increased functional 
use of specific brain regions leads to increased volumetric preservation in those areas (Figure 
2.5b).  Further, when brain areas are functionally active, increased blood supply is shunted 
specifically to these regions (the cerebrovascular response), which might allow for an increased 
maintenance and preservation of these functionally active regions (Iadecola, 2004).  Thus, similar 
to the trophic effects of exercise on muscle tissue (which prevent atrophy), it is possible that 
increased use of certain brain tissue leads to a staving off of the atrophy normally experienced with 
age.  In terms of exercise, this hypothesis predicts that regions of the brain implicated in muscular 
movement and coordination will be the areas most impacted by fitness.  Indeed, pronounced effects 
have been found in many of these regions: the cerebellum, involved in coordination (Isaacs, 
Anderson, Alcantara, Black, & Greenough, 1992b; Larsen, Skalicky, & Viidik, 2000); the 
striatum, involved in movement regulation and coordination (Chaddock et al., 2010; Fletcher et 
al., 2017; Nagamatsu et al., 2016; Verstynen et al., 2012); regions near the motor and sensory 
motor cortex (Colcombe et al., 2006a; Fletcher et al., 2017); anterior cingulate, involved in 
coordination of motor behavior (Wenderoth, Debaere, Sunaert, & Swinnen, 2005); and superior 
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temporal regions, involved in perception of biological motion (Colcombe et al., 2006a; Fletcher et 
al., 2017).  
These theories are clearly not 
mutually exclusive.  Therefore, whereas it 
is possible that a dominant mechanism for 
anatomical change exists, it is also 
possible that the complex effect of fitness 
on the brain could be accounted for by the 
additive effects of all these mechanisms 
(Additive Hypothesis) (Figure 2.6).   
Figure 2.6 represents a theoretical 
model, suggesting that some regions may 
benefit from more than one mechanism, 
resulting in an even greater degree of 
anatomical growth or preservation.  For 
instance, it is possible that much of the cortex not implicated in movement benefits from global 
effects associated with exercise and/or fitness (such as those due to general vascular 
improvements) providing some level of anatomical or functional reserve (Figure 2.6: Red).  In 
addition to this global effect, regions of the cortex involved in sensory/motor function might obtain 
an additional preservation effect because of their increased use during exercise (Figure 2.6: Green). 
The influence of exercise on hippocampus anatomy might be accounted for by global vascular-
effects, plus additional benefits gained through enhanced neurogenesis (Figure 2.6).  Lastly, the 
basal ganglia might receive benefits through all of these mechanisms.  
Figure 2.6:  Schematic illustration suggesting that the 
differences in fitness effects across the brain may be accounted 
for by additive factors including global vascular effects, 
involvement in somatosensory movement, and/or 
neurogenesis.  It is important to note that the size of each 
effect may vary from region to region (although they are shown 
as equal in this illustration due to the lack of robust 
quantitative data). 
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Whereas this “additive” pattern may be traced to an extensive review of the literature, it is 
also partially consistent with one of the studies completed in our lab.  Fletcher and colleagues 
(2017), recently demonstrated in a group of older adults that some of the largest effects of fitness 
on brain anatomy are observed in the putamen.  Other large effects are found in the superior 
temporal, and pre-central regions.   The putamen is implicated in the regulation of movement and 
motor control, providing a link with physical activity (DeLong et al., 1984).  The banks of the 
superior temporal sulcus have been linked to the perception of biological motion, which is also 
utilized during physical activity (Grossman & Blake, 2001).  Lastly, the precentral gyrus, which 
contains the primary motor cortex, is implicated in muscular movement and coordination (which 
are primarily involved in exercise) and experiences less thinning with age in our high-fit compared 
to the low-fit group (Fletcher et al., 2014, abstract).  
 Although many of the current findings in the literature could be somewhat explained by 
this “additive hypothesis,” more animal and human studies are needed to provide quantitative 
support for this qualitative explanation of the data.   Further, the regional specificity of the 
fundamental effects of exercise on the brain must be considered.  This concept was already touched 
upon when discussing the variability in the concentration of neurotrophic factors in different brain 
regions.  In addition it is currently accepted that neurogenesis does not occur at the same rate in 
the dentate gyrus and regions of the striatum (Ernst et al., 2014; Ernst & Frisén, 2015; Spalding et 
al., 2013), and it is also currently recognized that the hippocampus is especially sensitive to oxygen 
supply (Kreisman, Soliman, & Gozal, 2000), which may implicate a vascular mechanism such as 
angiogenesis in the positive benefits of fitness on hippocampal function.   
 
 
39 
 
Functional Significance of Macroscopic Volumetric Changes 
Research during the past decade strongly suggests that a number of lifestyle factors, 
personal experiences, and even neurological insult can lead to broad restructuring of brain 
structures (Draganski & May, 2008).  In this light, it is commonly assumed that increases in brain 
volume are beneficial among primate species (Hofman, 2014), although similar comparisons 
between species seem less reliable (Chittka & Niven, 2009).  So far, very few studies have shown 
that it is volumetric changes themselves that mediate changes in other degrees of function (such 
as cognition and fine motor ability), as these changes, also co-occur with other changes to the 
intrinsic biological substrate of the brain. This point is particularly relevant given the fact that the 
general association between brain variables and cognitive variables, within the context of aging, 
is still considered weak by some prominent scientists in the field (Salthouse, 2011).   
In relationship to fitness, although a strong body of evidence supports the idea that fitness 
leads to macro-anatomical differences, it is still unclear if these macro-anatomical changes to 
volume are critical for the functional and cognitive benefits found in parallel with increased 
exercise. Furthermore, although a specific volumetric region of interest within the brain may not 
increase at the macroscopic level, it does not necessarily mean that it is not implicitly benefiting 
from fitness and contributing to increases in cognition.  It is possible, for instance, that potential 
changes to grey-matter are simply a “side effect” of vascular changes that bring greater nutrients 
to the brain.  Indeed, as mentioned previously, it is possible that the anatomical changes found 
with fitness could be accounted for by vascular changes alone (Thomas, Dennis, Bandettini, & 
Johansen-Berg, 2012).  Alternatively, cognitive enhancement might result from changes in 
neuronal connectivity, functional responsiveness, neurotransmitter modulation, tissue perfusion 
changes, or cell morphology changes, all of which do not necessarily necessitate sizeable changes 
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in gross anatomical size.  Indeed, the exact role that anatomical effects play in brain function 
requires more investigation, such as more randomly controlled study designs using mediation 
analysis as part of their hypothesis testing (Salthouse, 2011). 
 
Temporal Dynamics of Fitness Effects 
 
Time Course of Effects 
One often overlooked, but important, aspect of the effects of fitness on the aging brain is 
the temporal timeline in which these biological mechanisms take hold.  Many of the 
cerebrovascular effects seem to start almost immediately during exercise (Davenport, Hogan, 
Eskes, Longman, & Poulin, 2012).  Changes in resting CBF in the anterior cingulate cortex of 
older adults were found even in an exercise intervention as short as 12 weeks (Chapman et al., 
2013), although this change was not seen globally across the brain.  However, other fitness-induced 
effects on the vascular system, such as the staving off of arterial stiffness, may only be apparent 
after years of habitual exercise (Wang, Monticone, & Lakatta, 2010). 
The influence of exercise on neurogenesis may also vary over time.  In a recent study, 
exercise-induced increases of immature neurons in the dentate gyrus were not found until after 14 
days of consistent exercise in rodents, with significant changes to LTP noticed only after about 
two months of exercise (Patten et al., 2013). In primates, new granule cells in the dentate gyrus, 
induced by treadmill running, took over six months to fully mature (Kohler, Williams, Stanton, 
Cameron, & Greenough, 2011). 
In a similar fashion, it remains unclear how long the effects of fitness interventions persist 
upon completion of the intervention (Figure 2.7).   Thomas and colleagues (2012) suggest that 
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fitness must be coupled with cognitive training (or other forms of environmental enrichment) for 
the anatomical benefits to take hold and remain visible for the long term.  
 
In fact, a number of physiological effects quickly return to baseline after cessation of 
exercise interventions (Rhyu et al., 2010).   Figure 2.7 shows possible scenarios for the long-term 
effect of various fitness interventions.  For instance, it is possible that some effects continue to 
improve after completion of the intervention (Figure 2.7b), return to baseline (Figure 2.7c), or run 
parallel to (but consistently above) that of their control groups. In addition, the ideal length, timing, 
and is an important area of future research which will allow us to understand the true dose-
dependent response of exercise’s impact on the brain.   
FIGURE 2.7:  Theoretical trajectories for low-fit individuals who have been part of a short-term fitness intervention.  
A:  No Intervention.  Represents the null hypothesis that fitness interventions will have no significant effect on brain 
volume.  B:  Continued Growth.  Suggests that growth will continue after a fitness intervention, well beyond that of 
the intervention itself.  C:  Temporary Bump.  Suggests that fitness interventions result in a temporary increase in 
brain volume, which however returns to pre-intervention levels sometime after completion of the intervention.  This 
might be characteristic of a participant who stopped exercising after completion of the intervention.  D: Sustained 
After Intervention.  Suggests that high-fit participants may initially influence changes to brain volumes but will 
eventually be susceptible to atrophy at a later point in life.   It is unclear if each of these responses require continued 
exercise beyond the length of the intervention.   
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Age Moderation of Fitness Effects 
 Although the majority of studies have examined the effects of fitness on adults during the 
last few decades of life, it is important to find at what point in the lifespan fitness effects emerge 
and/or become apparent (Figure 2.8). It is possible that fitness effects start early in childhood and 
remain consistent across an individual’s lifespan (Figure 2.8a), but it is also possible that fitness 
effects display a non-linear trend with age.  For instance, high- and low-fit brains may remain 
indistinguishable from one-another until late into adulthood, when brain anatomy and function 
decline more dramatically (8b).  Alternatively, it is possible that fitness effects start in young 
adulthood gradually decay over time as individual approach the later decades of life (8c).   
 
Figure 2.8:  Theoretical trajectories for high- and low-fit individuals over the lifetime.  A: Sustained Effect.  Illustrates 
the idea that high-fit individuals might benefit from larger anatomy in some regions throughout their entire lifespan.  
B: Late Effect.  This pattern suggests that fitness effects may not be large until the last few decades of life and 
primarily act to stave off atrophy.   C:  Early Effect.   Suggests that high-fit middle-aged adults maintain a similar 
volume as younger individuals until substantial atrophy occurs during the last few decades of life.  D:  Other Effect.  
Suggests that during middle-age high-fit individuals decline at a slower rate than their low-fit counterparts. 
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Although fitness effects have been extensively studied in children and older adults, fewer 
studies exist examining the impact of fitness during middle age, with extant studies showing 
conflicting results (Hötting, Schauenburg, & Röder, 2012; Pereira et al., 2007; Stroth, Hille, 
Spitzer, & Reinhardt, 2009; Zhu et al., 2014).  Identical interventional studies started at various 
ages throughout the lifespan, will help to clarify the degree of moderation age exerts on fitness 
effects.     
 
Differences in Study Design 
Although the study of the effect of fitness on brain anatomy and cognition is growing 
exponentially, there are a number of confounds present within the current literature, which make 
it difficult to compare results across studies.   
 
Cross-Sectional vs. Longitudinal Studies 
Lack of careful consideration of the temporal nature of the effects of effects fitness on brain 
tissue might help to explain some of the contradictory results found in cross-sectional, longitudinal, 
and meta-analytic studies (it is important to note that although exact details seem to vary from 
study to study, the overwhelming consensus of these studies suggests a positive effect on brain 
tissue).  For instance, if certain brain effects require years of regular exercise to emerge as 
significant, then it is likely that these results will only be found in cross-sectional studies with 
extended age-ranges.  Although short intervention studies help strengthen the claim of a causal 
relationship between fitness and anatomical preservation, it is at least possible that non-implicated 
regions might become significant if the time window for the intervention was increased.  Similarly, 
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meta-studies attempting to summarize studies with varying intervention lengths frequently fall into 
similar logical fallacy.  For instance, just because a one-year exercise intervention fails to show a 
significant effect on certain brain regions, it does not rule out the possibility that fitness might still 
have a more “long-term” effect on the same areas.  Thus, it is quite possible that time-limited 
“interventions” inherently underestimate the effects of a lifetime of habitual exercise. 
Alternatively, although cross-sectional studies better capture the “long term” effects of 
exercise, they also have a number of inherent problems.  Specifically, cross-sectional studies are 
unable to demonstrate direct causation of fitness effects since it is impossible to fully account for 
all confounding variables.  Clearly, longitudinal studies spanning multiple decades are required to 
determine the exact impact of fitness on the brain – but they are very difficult to carry out due to 
increased cost and attrition rates   
  
Fitness Measurements 
Another common difference found between study designs is the way in which fitness is 
quantified.  Although the current gold-standard is to measure the maximum uptake of oxygen 
during exercise (VO2max), many studies have used other measures including an estimated measure 
of fitness, physical activity inventories, and various measures of autography.  Indeed, some of 
these studies have used measures of exercise (e.g. physical activity scores) as proxies for measures 
of fitness (Washburn, Smith, Jette, & Janney, 1993).  Although exercise may lead to better fitness, 
the actual relationship between these two variables may also be affected by other factors, such as 
genetics, nutrition, and various pathological and/or physiological states.   
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Processing Differences 
The methodology of estimation of anatomical effects also varies greatly from lab to lab, 
and sometimes within the same lab.   Although manual tracing is often considered the gold-
standard, most labs have adopted one of the several automated methods for estimating brain 
anatomy (from structural MRI images).  These automated methods require less user expertise, and 
dramatically less time to complete, yet can yield statistically different results (Boccardi et al., 
2011).  Historically, investigators first used VBM (Ashburner & Friston, 2000) in order to estimate 
the impact of fitness on brain anatomy. However, it should be noted that even though two labs 
might employ a VBM approach, significant difference in software packaging, pre-processing, and 
post-hoc analysis may yield significantly different results.   Although VBM is among the quickest 
ways to perform anatomical estimates on MRI brains, its use comes with many disadvantages 
compared to other techniques.  Specifically, VBM has been shown to overestimate age effects, 
suffers from issues of sub-voxel positioning, is more prone to misalignment and misregistration of 
homologous regions, and experiences significant declines in spatial resolution due to the 
substantial smoothing inherent to this approach (Bookstein, 2001; Davatzikos, 2004; Kennedy et 
al., 2009; Ridgway et al., 2008; Salmond et al., 2002; Whitwell, 2009).  It is possible that the subtle 
discrepancies of these past studies may be due, in part, to these problems inherent to VBM.  In 
contrast, surface-based approaches such as FreeSurfer allow for a more accurate matching of 
homologous cortical regions between participants and has been shown to be comparable to manual 
tracing (Pantazis et al., 2010; Tae, Kim, Lee, Nam, & Kim, 2008; Zhong, Phua, & Qiu, 2010).  In 
the cortex, this is accomplished through the use of each individual’s unique surface-based 
geometry for inter-participant registration.  In general, many in the field are shifting to surface-
based approaches for these reasons.  Once brain anatomy is fully processed, labs also vary greatly 
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in terms of head size normalization and methods pertaining to statistical analysis (Buckner et al., 
2004; Free et al., 1995; Jack et al., 1989).  
Beyond anatomical measurement, many differences in measurements of micro-phenomena 
exist.  These include different approaches to measurements of neurogenesis (Jessberger & Gage, 
2014), neuronal morphological changes (von Bohlen und Halbach, 2013), angiogenesis (Simons 
et al., 2015; Staton, Reed, & Brown, 2009) and vascular reactivity (Lipp, Murphy, Caseras, & 
Wise, 2015), and endothelium dysfunction (Flammer et al., 2012) to name a few.   
 
Conclusions 
Fitness provides important and widespread effects on brain and cognition making exercise 
intervention a promising tool for preventing at least some of the deleterious effects of aging.  
Extending this work, a growing body of literature now seeks to use fitness as a means of therapy 
for older adults with various forms of neuropathology.  Recent studies have examined the impact 
of fitness intervention on Alzheimer’s disease (Baker et al., 2010; Burns et al., 2008; Farina, 
Rusted, & Tabet, 2014; Honea et al., 2009; Nagamatsu et al., 2013; Nyberg et al., 2014; Scheewe 
et al., 2013), Parkinson’s disease (Ahlskog, 2011; Goodwin, Richards, Taylor, Taylor, & 
Campbell, 2008; Petzinger et al., 2011; Tajiri et al., 2010; Tillerson, Caudle, Reverón, & Miller, 
2003; Uc et al., 2015), stroke recovery (Stoller, de Bruin, Knols, & Hunt, 2012), and depression 
(Josefsson, Lindwall, & Archer, 2014; Lawlor & Hopker, 2001; Rimer et al., 2012), to name a 
few.   
 Although it is clear that fitness and exercise may benefit brain function, it is not yet 
completely clear how they produce their effects.  A review of the literature suggests that the 
effects of fitness on the brain rely on complex neuronal and cerebrovascular mechanisms, which 
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lead to micro- and macro- anatomical and functional changes (Figure 2.1).  In some instances, 
these mechanisms act to counteract some of the major declines specific to old age, while other 
effects might represent novel physiological mechanisms specific to fitness participation.  In sum, 
these effects lead to improvement and/or preservation of some cognitive abilities, although more 
studies are needed to elucidate the causality of each mechanism.  This being said many open 
questions remain about the dose-dependent response of exercise to each of these effects.   
Additionally, more research is needed to determine the ideal design, length, and structure of 
fitness interventions for older adults, although even mild increase in fitness seems to yield 
worthwhile effects.   
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Abstract 
Recent studies suggest that cardiorespiratory fitness (CRF) mitigates the brain’s atrophy typically 
associated with aging, via a variety of beneficial mechanisms.  One could argue that if CRF is 
generally counteracting the negative effects of aging, the same regions that display the greatest 
age-related volumetric loss should also show the largest beneficial effects of fitness. To test this 
hypothesis we examined structural MRI data from 54 healthy older adults (ages 55-87), to 
determine the overlap, across brain regions, of the profiles of age and fitness effects.  Results 
showed that lower fitness and older age are associated with atrophy in several brain regions, 
replicating past studies. However, when the profiles of age and fitness effects were compared using 
a number of statistical approaches, the effects were not entirely overlapping. Interestingly, some 
of the regions that were most influenced by age were among those not influenced by fitness.  
Presumably, the age-related atrophy occurring in these regions is due to factors that are more 
impervious to the beneficial effects of fitness.  Possible mechanisms supporting regional 
heterogeneity may include differential involvement in motor function, the presence of adult 
neurogenesis, and differential sensitivity to cerebrovascular, neurotrophic and metabolic factors.   
 
Keywords: Aging; Cardiorespiratory Fitness (CRF); Exercise; Brain anatomy; FreeSurfer;  
 
Abbreviations: 
CRF:  Cardiorespiratory Fitness 
eCRF:  Estimated Cardiorespiratory Fitness 
VO2max:  Maximal Oxygen Uptake 
eTIV:  Estimated Total Intracranial Volume  
 
 
67 
 
Introduction 
The brains of seemingly healthy individuals undergo various degrees of cortical and 
subcortical atrophy with aging (Gordon, et al., 2008; Raz et al., 2005, 2010).  The exact 
mechanisms underlying these changes are not completely known, although vascular (Brown & 
Thore, 2011; Davenport et al., 2012; Fabiani et al., 2014; Lahteenvuo, et al., 2012), genetic 
(McGue & Johnson, 2008; Papenberg et al., 2015), oxidative stress (Dai et al., 2014; Muller et al., 
2007; Thorin & Thorin-Trescases, 2014) and hormonal (Morrison & Baxter, 2012) factors may all 
contribute significantly. These anatomical changes are considered to have important functional 
consequences, and to influence some of the cognitive decline that accompanies aging (e.g., 
Fabiani, 2012; Nyberg et al., 2012; Salthouse, 2011).   
In an attempt to delay or possibly even reverse some of these structural changes, 
investigators have focused on life-style factors as potential mitigators of the effects of aging. One 
such factor that has received particular attention is cardiorespiratory fitness (CRF).  Higher CRF 
is correlated with a number of systemic benefits, including lower blood pressure (Blair et al., 1996; 
Barlow et al., 2006), decreased stress (Jackson & Dishman, 2006) and better lipid profiles (Dunn 
et al., 1999; Park et al., 2015). Extensive research has also demonstrated that higher CRF is 
correlated with improved brain tissue preservation and higher performance in neuropsychological 
tests (e.g., Colcombe & Kramer, 2003; Gordon et al., 2008; McAuley et al., 2013; Verstynen et 
al., 2012; Voss et al., 2011; 2013; Weinstein et al., 2012). It has also been shown that CRF mediates 
age-related changes in some structural (e.g., frontal cortex volume, Weinstein et al., 2012; caudate 
nucleus, Verstynen et al., 2012) and functional measures (e.g., cerebral blood flow; Zimmerman 
et al., 2014), and that these changes are relevant for cognitive function (Verstynen et al., 2012; 
Weinstein et al., 2012).  Beneficial effects of CRF on the preservation of regional brain volumes 
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have been reported for a number of brain regions in cross-sectional comparisons of age and fitness 
groups (Gordon et al., 2008; Bugg and Head, 2011; Verstynen et al., 2012), as well as in response 
to fitness intervention (Colcombe et al., 2003; Colcombe et al., 2006; Erickson et al., 2011; Voss 
et al., 2011).  Most of the research conducted thus far, however, has not examined the regional 
specificity of CRF effects on brain anatomy in a systematic manner, but has instead focused on 
specific brain areas (such as the hippocampus and prefrontal cortex) that are known to be affected 
by aging (e.g., Bugg et al., 2011; Erickson et al., 2011; McAuley et al., 2011). 
In this study, we are proposing a strategy to investigate the extent to which the effects of 
CRF on volumetric brain measures are generalized or regional, and their overlap with the effects 
of aging. In other words, are the profiles of the effects of CRF and of aging similar throughout the 
brain or does CRF preferentially influence only some of the brain regions that are affected by aging 
and not others?  To address these questions we report a direct comparison of the profiles of the 
effects of aging and fitness on volumetric measures obtained throughout the brain (including both 
cortical and sub-cortical structures) in older adults between the ages of 55 and 87.  
In vivo volumetric measurement of brain areas based on structural magnetic resonance 
imaging (sMRI) allows for researchers to study the influence of demographic and lifestyle factors 
on different patterns of volumetric decline in aging. Further, measurements of brain structures 
throughout the whole brain are critical to provide the comprehensive data required for a profile 
analysis.  Although manual tracing remains the gold standard for in vivo anatomical studies based 
on structural MR images (Kennedy et al., 2009; Raz et al., 2003), a number of semi-automated 
methods have become available in the last two decades. These methods, allowing for the parallel 
measurement of multiple structures, permit a more complete examination of brain anatomy in large 
groups of individuals without requiring extensive training.  One of the first automatic methods 
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used for investigating the effects of CRF on brain anatomy was voxel-based morphometry (VBM; 
Ashburner & Friston, 2000), which allows for probabilistic brain mapping across populations.  
VBM studies of the effects of aging on brain anatomy have demonstrated significant gray and 
white matter loss in a wide range of areas, including most of the frontal and parietal cortex, as well 
as most sub-cortical gray matter regions (e.g., Good et al., 2002; Gordon et al., 2008).  VBM 
studies have also examined the effects of CRF.  For example, in a cross-sectional study including 
younger (20-28) and older adults (ages 65-81) Gordon and colleagues (2008) showed that higher 
CRF was associated with volumetric preservation in the inferior frontal, anterior parietal, and 
medial temporal regions, even when education, age and gender were controlled for. One of the 
first fitness intervention studies to use VBM (Colcombe et al., 2006) demonstrated that a 6-month 
aerobic fitness intervention in low-fit older adults (ages 60-79) led to significant volumetric 
increases in the dorsal anterior cingulate, supplementary motor area, middle frontal gyrus, left 
superior temporal lobe, and anterior third of the corpus callosum.  Other VBM studies examining 
subcortical regions have shown that higher CRF is associated with larger hippocampal volumes, 
and that exercise interventions may even lead to an increase in hippocampal size (Erickson et al., 
2011; McAuley et al., 2011). 
Although VBM can provide a useful estimate of anatomical effects, it has also several 
limitations, including the fact that coregistration of different structures across individuals relies on 
group templates, which may introduce biases in the comparison process (Bookstein, 2001; 
Kennedy et al., 2009; Davatzikos, 2004; Ridgway et al., 2008; Salmond et al., 2002; Whitwell, 
2009).  FreeSurfer © provides an alternative approach: It offers a way of coregistering anatomical 
structures across individuals using a semi-automatic parcellation of the cortex based on surface 
and border features, and the possibility of separating cortical volume from cortical thickness (Dale 
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et al., 1999; Dale & Sereno, 1993; Fischl et al., 2001). Using FreeSurfer, Bugg and Head (2011) 
examined the correlation between the amount of running, jogging, and walking (as indexed by a 
questionnaire looking at the previous 10 years) and loss in a few regions of interest (ROIs) in older 
adults (55-79).  Although only some regions were examined, they showed that exercise mitigated 
age-related atrophy in the medial temporal lobe (MTL), but failed to show an interaction between 
age and exercise in other ROIs (including areas of the prefrontal cortex and parietal lobes).  In the 
current study, we used FreeSurfer to derive volumetric brain measurements in a sample of middle 
aged and older adults.  We also used multiple statistical methodologies in an attempt to provide a 
more comprehensive description of the effects of fitness and age across brain regions to evaluate 
their profile overlap.  We believe that an improved understanding of the overlap between these 
variables will help design more effective intervention programs (see for example Voss et al., 2013; 
Bherer et al., 2013). 
 
Method 
Participants 
Fifty-six healthy adults (29 females, age range = 55-87) from the Champaign-Urbana 
community were recruited through local advertisements, mass emailing, and flyers.  The study was 
approved by the University of Illinois Institutional Review Board, and all participants signed 
documents of informed consent.  All participants were right-handed and fluent English speakers. 
Information about the participants’ demographics is reported in Table 3.1.   
Phone interviews were conducted to screen individuals for inclusion/exclusion. Exclusion 
criteria included a history of drug abuse, major psychiatric or neurological disease, or other serious 
chronic medical conditions. Those who passed the phone screening were invited into the lab and 
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were given two additional screening measures, the Beck’s Depression Inventory (Beck, et al., 
1987) and the modified Mini-Mental Status Exam (Mayeux, et al., 1981). Individuals scoring 
above 14 on the BDI or 51 or less on the mMMSE were excluded from the study.  Two male 
participants were excluded from analysis due to incomplete fitness estimates or missing 
neuropsychological data. Our final sample consisted of 54 participants.  
Table 3.1: Basic demographic, neuropsychological, and physiological characteristics. eCRF: 
Estimated Cardiorespiratory Fitness; MET: Metabolic Equivalent; Estimated VO2max: milliliters of 
oxygen per minute per kilogram of body weight; Kg: Kilograms; BMI: Body Mass Index - weight in 
Kg over height in meters squared (m2); bpm: beats per minute; BDI: Beck’s Depression Inventory; 
mMMS: Modified Mini-Mental Status Examination; Systolic and diastolic blood pressure: mmHg 
(millimeters of mercury).  +p < .10, * p < .05, ** p < .01     
  
 All (N=54) 
Low-Fit 
(N=27) 
High-Fit 
(N=27) 
t-test 
(2-tailed) 
Females:Males 29:25 15:12 14:13   
 Mean  SD Mean  SD Mean  SD p  
Age (Years) 69.48 8.46 70.20 8.51 68.75 8.51 0.533  
eCRF (MET) 6.58 2.47 5.28 1.97 7.88 2.25 0.000 ** 
Est. VO2max (ml/min/Kg) 23.03 8.64 18.47 6.88 27.58 7.86 0.000 ** 
Education (years) 16.73 2.96 15.63 3.03 17.83 2.48 0.005 ** 
Weight (Kg) 79.05 16.88 84.28 15.69 73.82 16.66 0.021 * 
BMI (Kg/m2) 27.46 5.27 30.06 4.59 24.87 4.64 0.000 ** 
BDI score 2.91 3.34 3.63 3.64 2.19 2.91 0.114  
mMMS score 55.28 1.42 55.26 1.35 55.30 1.51 0.925  
Heart Rate (bpm)  72.90 10.62 76.96 10.91 68.83 8.74 0.004 ** 
Systolic (mmHg) 136.90 15.66 139.33 16.59 134.48 14.58 0.258   
Diastolic (mmHg) 79.28 8.16 79.84 8.95 78.72 7.41 0.618   
Pulse Pressure (mmHg) 57.63 14.01 59.49 14.25 55.76 13.77 0.332  
 
The anatomical MRIs of 8 college students (age range = 19-22, Mean Age: = 21.53, SD= 
0.99, 5 Females) were also used for head-size normalization but were excluded from all other 
analyses (see below for rationale). These younger participants reported themselves to be healthy, 
right-handed, fluent in English and also underwent a screening similar to the one described above.  
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Fitness Estimation 
CRF estimates (eCRF) were obtained for each participant using the regression model 
proposed by Jurca and colleagues (2005). The eCRF measures have been validated with a large 
sample of older adults (Mailey et al., 2010; McAuley et al., 2011).  They are highly correlated (≈ 
.7) with VO2max, which is obtained through a graded exercise protocol and is considered the gold 
standard for assessing cardiorespiratory fitness. Specifically, Mailey and colleagues (2010) found 
that within a population of older adults, eCRF was significantly correlated with metabolic 
equivalents (r=.66) and with estimates based on submaximal field testing (r=.67). Crucially, eCRF 
allowed us to include participants that may be at risk during standard VO2max testing.   
The regression model used for eCRF estimation is based on weighted data including 
gender, age, body mass index (BMI), resting heart rate, and a physical activity score. Height and 
weight were measured to calculate the BMI.  Resting heart rate was recorded on three separate 
days, after participants had been sitting for a minimum of five minutes, and these measurements 
were then averaged.  The activity score was derived from the Physical Activity Scale for the 
Elderly (PASE, Washburn et al., 1993).  The PASE contains specific questions to determine the 
type and frequency (minutes per session and number of sessions per week) of exercise activities a 
participant does on an average week. Specifically, the total minutes per week of exercises requiring 
low exertion (i.e., activities that produce only a slight increase in heart rate) and those classified 
as aerobic exercise (jogging, swimming, cycling etc.) were quantified.  These totals were used to 
categorize each participant into one of the five self-reported activity scores defined by Jurca and 
colleagues (2005), and then combined with the other weighted data to obtain an eCRF value for 
each participant.  The eCRF score is expressed in metabolic equivalents (METs), which are defined 
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as the amount of oxygen consumed while sitting at rest (see Jetté, Sidney & Blumchen, 1990).  To 
estimate VO2max from the METs values, the eCRF score needs to be multiplied by 3.5 (Masley, 
2009).  To facilitate cross-referencing with studies measuring VO2max, Table 3.1 also reports the 
VO2max values estimated from eCRF.  The means of the fitness estimates for each group, when 
compared to existing norms, indicate that they correspond to meaningful differences, with the low-
fitness group classified as “poor prognosis in coronary patients; highly deconditioned individuals” 
(Jurca et al., 2005; see also McArdle et al., 2006). 
 
Sample Stratification and Analytic Strategies 
The purpose of the present study is to independently assess the effects of age and fitness 
on brain anatomy.  A critical step is to “orthogonalize” these two variables, which are typically 
highly correlated.  To do so, participants were sorted into high- and low-fit groups using the 
following strategy.  To control for the effects of age and gender on fitness, group membership was 
determined by first separating participants by age, split by the average age of the entire participant 
pool (mean = 69.56 years). Within each age group participants were then divided by gender, and 
then split by eCRF scores using a median split for each age by gender group. In groups with uneven 
numbers of members, median participants were designated as high- or low-fit based on whether 
their eCRF scores were above or below the average eCRF scores of their peer group.  Next, 
participants were combined into high-fit and low-fit categories collapsing across all other 
categorizations.  Fitness designation was done in this way to account for the heavy weighting that 
gender and age receive in the CRF estimate, and to control for the gender bias known to exist 
within VO2max scores (Jurca et al., 2005).  Thus, each individual was classified as high- or low-fit 
based on a comparison with their similarly-aged peers within the same gender group.  As a result 
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of this grouping strategy (see Table 1) the low-fit and high-fit groups had an almost equivalent 
number of males and females (14F, 13M), statistically similar average age (70.30 versus 68.75, t 
= .63, p > .10), but significantly different average eCRF scores (5.28 versus 7.88, t = 4.53, p < 
.01), thus effectively stratifying the sample and eliminating the inherent correlation between age 
and fitness.   
 
Collection and processing of structural MRI data 
High-resolution T1-weighted images were acquired with a 3T Siemens Trio full body 
scanner using a 3D MPRAGE protocol.  MPRAGE pulse parameters were: flip angle = 9◦, TR = 
1900 ms, TE = 2.32 ms and inversion time = 900 ms. Slices were acquired in the sagittal plane 
(192 slices, .9 mm slice thickness, voxel size .9 x .9 x .9 mm) with matrix dimensions of 192 x 
256 x 256 (in-plane interpolated at acquisition to 192x512x512) and field of view of 172.8 x 230 
x 230 mm. These parameters allowed for a clear delineation of grey-white matter boundaries upon 
visual inspection. Structural MRI images were processed with FreeSurfer © 5.0 (for technical 
details see Dale et al., 1999; Dale and Sereno, 1993; Desikan et al., 2006; Fischl et al., 2002; Fischl 
et al., 2004; Fischl and Dale, 2000; Fischl et al., 1999a; 1999b; 2001; 2004; Han et al., 2006; 
Jovicich et al., 2006; Segonne et al., 2004).  The FreeSurfer output was thoroughly inspected for 
errors through extensive visual screening performed by three trained individuals, and corrected 
according to the methods recommended on the FreeSurfer web site (http://surfer.nmr.mgh.
harvard.edu/fswiki/FsTutorial/TroubleshootingData). Finally, estimates of cortical and subcortical 
volumes were obtained, using an automated probabilistic labeling procedure based on the Desikan-
Killiany anatomical atlas (Desikan et al., 2006).  
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Subcortical and cortical regions were then normalized by intracranial volume (see equation 
below) to account for volumetric differences in head size (Buckner et al., 2004; Jack et al., 1989).  
The anatomical data from eight college-aged students were also included in the normalization 
process in order to frame the results obtained from our 55-87 years-old sample into a broader age-
related perspective. In other words, we included the young adults as a reference point, so that the 
normalized values can be more easily compared to those obtained from samples that, unlike this 
one, do include younger adults.  Mathematically normalization consists of a scaling factor that 
operates equally for all subjects and groups and therefore does not introduce any bias.  Every 
volume for each participant was corrected for head size with the following formula proposed by 
Buckner and coll. (2004):  
Vadj = Vnat − b(eTIVfs − eTIV̅̅ ̅̅ ̅̅ fs)    
where Vadj is the covariance-corrected (adjusted) volume, Vnat is the original volume calculated by 
FreeSurfer in native space, b is the slope of the regression of Vnat over eTIVfs, which is the 
participant’s estimated total intracranial volume produced by FreeSurfer, and eTIV̅̅ ̅̅ ̅̅ ̅fs is the average 
estimated total intracranial volume of the group.  Although several other normalization methods 
have been proposed, this particular one has been widely utilized throughout the field.   
 
Statistical Analyses 
The processed and corrected data were analyzed using two approaches: (a) a standard 
analysis evaluating all the cortical and subcortical ROIs included in the Desikan-Killiany atlas 
(Desikan, et al., 2006); and (b) groupings of different cortical and subcortical regions showing 
similar effects based on a principal component analysis/VARIMAX decomposition (see 
Alexander-Bloch et al., 2013), in order to reduce the problem of multiple comparisons present in 
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(a).  The choice of an empirical, data-driven (rather than a theory-driven) approach for grouping 
the different regions is motivated by the following logic: (a) At present, the factors leading some 
regions more than others to be affected by aging or fitness are not yet known, and this study is in 
fact one of the first addressing this issue; and (b) the factor-analytic approach employed here 
allows for the data to reveal emergent groupings, which may be useful to drive future research 
aimed at understanding the mechanisms underlying regional variations in sensitivity to age and 
fitness.  For all these analyses, left and right hemispheres were combined, as we had no specific 
hemispheric-based hypotheses.  
To dissociate the effects of age and fitness we used a data-driven stratification approach, 
in which participants were given an “age-score” equal to the deviation of their age from the overall 
mean age (yielding two groups of participants above and below the overall mean age, respectively), 
and a “fitness-score” with a value of +1 for “high-fit-for-their-age” individuals (defined as above) 
and -1 for “low-fit-for-their-age individuals.  This approach allowed also for the examination of 
age x fitness interactions, testing whether age effects were similar for high- and low-fit individuals 
(i.e., whether fitness moderates the effect of age), a pattern of results that is not typically examined 
by studies using a more traditional multiple regression approach.  Pearson’s correlation 
coefficients (r) were calculated to determine the associations of age, fitness and the age x fitness 
interaction with neuroanatomical measurements.  Also, a multiple regression analysis was 
performed to determine the unique variance explained by these three variables. For this analysis, 
given the directional nature of the hypotheses (i.e., younger and more fit individuals should have 
larger brain volumes than older and less fit individuals), we used unidirectional tests.  
The main purpose of this study is to compare the profiles of anatomical effects associated 
with aging and fitness.  For this analysis we selected data from the ROI approach.  For each of the 
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48 Desikan-Killiany areas, the effect sizes associated with age and fitness were calculated using 
Cohen’s d. The similarity of the effect sizes of age and fitness across anatomical areas was 
estimated using a Pearson’s correlation coefficient. A consistency-based two-way mixed intra-
class correlation coefficient was also calculated to estimate the consistency of the profiles of 
regional volumetric changes with age and fitness.   
  
Results 
Age and Fitness Effects: Demographics 
Age, fitness, and various physiological and neuropsychological measures are reported in 
Table 1.  Several variables demonstrated negative correlations with age including BMI (r(52) = -
.48, p < .01) and diastolic pressure (r(52) = -.39, p < .01). Pulse pressure (the difference between 
systolic and diastolic pressure, indexing arterial stiffness) was positively correlated with age (r(52)  
= .36, p < .01).  
 
Regional Analyses of Age and Fitness Effects 
 To determine that the lack of correlation or consistency between the effect of age and 
fitness on brain volume is not merely due to lack of power, it is important to show that regional 
volumetric measures are sensitive to each of these two independent variables. To this end, we 
performed a set of multiple regressions investigating the effects of age, fitness, and their interaction 
on each individual area.  A problem with this analysis is that it is based on a large number of 
comparisons, which are only partially independent of each other.  Therefore we also performed a 
second analysis in which we first grouped the different areas using a factor analysis (i.e., PCA 
followed by Varimax rotation).  
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Region by region analysis.   
The BERT template provided by 
FreeSurfer was colored (Figure 3.1) to provide a 
visual summary of cortical and subcortical 
regions of the Desikin-Killiany atlas that were 
most strongly (p < .01) associated with age and 
fitness.  The correlations between age, fitness and 
the volumes of cortical ROIs are found in Table 
3.2.  Within the frontal lobe, only the pars 
opercularis, pars triangularis and precentral 
regions were found to be significantly negatively 
associated with age. However, the superior frontal 
and precentral regions were positively associated 
with fitness.  In the temporal lobe, most of the 
regions were negatively associated with age. 
Furthermore, the superior temporal sulcus was 
positively associated with fitness, whereas superior 
temporal and middle temporal areas showed a 
similar, but not significant, trend (p < .10).   The 
only region showing a modest interaction effect 
between age and fitness was the fusiform gyrus, 
with larger volumes in high-fit younger adults, but smaller volumes in high-fit older adults.  All 
the sub-regions of the parietal lobe were negatively associated with age, but none were positively 
Figure 3.1: Schematic representation of the results 
of the regression analysis for all of the ROIs.   
Colored areas indicate ROIs where age (blue) or 
eCRF (red) show strong partial correlations (p < .01) 
with the volume of the corresponding region. 
Although left and right volumes were not examined 
separately, for illustration purposes both 
hemispheres are included in the figure.  Note that 
no ROI was significantly affected by both variables 
in this analysis. 
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associated with eCRF.  The insula was not associated with either age or eCRF.   The posterior 
cingulate was associated with both age and eCRF, whereas the caudal anterior cingulate was 
associated only with eCRF.   
Table 3.2:  Raw and partial correlations between anatomical ROIs and age, eCRF, and eCRF by 
age interaction (centered age multiplied by dichotomized fitness scores). N=54 +p < .05, * p < 
.025, ** p < .005 (one-tailed) 
 
 Raw Correlations Partial Correlations  
Age  
( r ) 
 eCRF    
( r ) 
 
Age x 
eCRF   
(r) 
 Age    
(β) 
 eCRF 
(β) 
 
Age x 
eCRF  
(β) 
 
Frontal Lobe             
Superior Frontal -.18  .23 + .13  -.17  .22  .13  
Rostral Middle 
Frontal 
-.09  -.09  -.05  -.10  -.09  -.05  
Caudal Middle 
Frontal 
-.22  -.01  .21  -.23  -.03  .21  
Pars opercularis -.34 * .11  .18  -.34 * .08  .20  
Pars triangularis -.42 ** .12  .00  -.42 ** .09  .00  
Pars orbitalis -.18  .09  .13  -.18  .08  .13  
Lateral 
Orbitofrontal 
-.13  -.07  .06  -.14  -.09  .06  
Medial 
Orbitofrontal 
-.12  .19  .14  -.11  .18  .14  
Frontal Pole .10  -.07  -.05  .09  -.06  -.05  
Precentral -.32 * .28 * .10  -.31 * .26 + .11  
Paracentral -.20  .16  -.13  -.19  .15  -.14  
             
Temporal Lobe             
Superior 
Temporal 
-.33 * .22  .21  -.33 * .21  .23  
Middle Temporal -.23 + .22  .12  -.22  .21  .13  
Inferior 
Temporal 
-.14  -.12  .03  -.15  -.13  .03  
Banks of the STS -.31 * .41 ** .01  -.30 * .41 ** .01  
Fusiform -.36 ** .09  -.24 + -.37 ** .06  -.25 + 
Transverse 
Temporal 
-.13  .22  .09  -.12  .21  .09  
Entorhinal -.25 + .19  -.01  -.24 + .18  -.02  
Temporal Pole -.35 ** .06  .20  -.35 * .03  .21  
Parahippocampal -.48 ** .07  .08  -.47 ** .03  .09  
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Table 3.2. (continued).   
 
 Raw Correlations Partial Correlations  
Age  
( r ) 
 eCRF    
( r ) 
 
Age x 
eCRF   
(r) 
 Age    
(β) 
 eCRF 
(β) 
 
Age x 
eCRF  
(β) 
 
Parietal Lobe             
Superior Parietal -.45 ** .02  .02  -.45 ** -.02  .02  
Inferior Parietal -.33 * .15  .06  -.32 * .13  .06  
Supramarginal -.25 + .14  -.05  -.24 + .12  -.05  
Postcentral -.29 * .08  -.11  -.29 * .06  -.11  
Precuneus -.30 * .08  .06  -.30 * .06  .06  
             
Occipital Lobe             
Lateral Occipital -.33 * -.05  -.03  -.34 * -.09  -.03  
Lingual -.34 * .17  -.08  -.34 * .15  -.08  
Cuneus -.26 + .02  -.01  -.26 + .00  -.01  
Pericalcarine -.26 + .14  .00  -.25 + .13  .00  
             
Insula             
Insula -.18  .14  .02  -.17  .13  .02  
             
Cingulate             
Rostral Anterior -.04  .07  -.01  -.03  .07  -.01  
Caudal Anterior -.06  .23 + .12  -.04  .23 + .12  
Posterior  -.29 * .28 * .05  -.28 * .27 + .06  
Isthmus  -.22  .02  .11  -.22  .00  .11  
             
Corpus Callosum             
Posterior  -.35 ** .06  .10  -.35 * .03  .11  
Mid-Posterior  -.59 ** .07  .01  -.59 ** .03  .02  
Central  -.59 ** .13  .01  -.59 ** .10  .02  
Mid-Anterior  -.58 ** .10  .03  -.57 ** .06  .04  
Anterior -.62 ** -.08  .13  -.63 ** -.17  .17  
 
Subcortical             
Hippocampus -.47 ** .23 + .00  -.46 ** .22  .00  
Amygdala -.36 ** .34 * -.13  -.35 * .34 * -.14  
Caudate .21  .21  -.08  .24 + .24 + -.08  
Putamen  -.31 * .37 ** .21  -.31 * .37 ** .23 + 
Pallidum -.19  .08  .15  -.19  .07  .15  
Accumbens -.30 * .21  -.20  -.29 * .20  -.21  
Thalamus Proper -.46 ** .24 + .19  -.46 ** .23 + .22  
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Table 3.2.  (continued) 
 Raw Correlation Partial Correlation  
Age  
( r ) 
 eCRF    
( r ) 
 
Age x 
eCRF   
(r) 
 Age    
(β) 
 eCRF 
(β) 
 
Age x 
eCRF  
(β) 
 
             
Brain-Stem -.31 * .10  .18  -.30 * .08  .19  
Ventral 
Diencephalon 
-.44 ** .17  .13  -.44 ** .15  .15  
             
Ventricle             
Lateral Ventricle .69 ** -.20  -.02  .69 ** -.19  -.03  
Inferior Lateral 
Ventricle 
.63 ** -.05  .05  .63 ** .00  .06  
3rd Ventricle .62 ** -.06  .08  .62 ** -.01  .10  
4th Ventricle .35 ** -.10  -.06  .35 * -.07  -.07  
 
The effects of age and fitness on the subcortical ROIs are reported in Table 3.2.  The 
volumes of the hippocampus, amygdala, putamen, and thalamus were associated with both age 
and fitness.  The nucleus accumbens, brain-stem and ventral diencephalon were associated with 
age but not eCRF.  Lastly, age was positively associated with all ventricle measurements, with no 
corresponding association with fitness. 
 
 
Anatomical Factor Analysis.   
A lack of overlap between age and CRF effects would be best demonstrated by a double-
dissociation, in which some areas show effects of one independent variable and not the other, and 
some show the opposite effect.  However, such a demonstration may be obscured by the large 
number of comparisons, due to the many areas that are being considered.  To better identify which 
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regions tended to covary in volume, 
and to reduce the number of 
comparisons in the age and fitness 
analyses, the volumes of the cortical 
and subcortical ROIs from the 
Desikan-Killiany atlas (Desikan et al., 
2006; Jack et al., 1989) were 
submitted to a PCA. Scree plots 
suggested five components, or factors, 
which were subjected to Varimax 
rotation.  A visualization of the 
regions loading on each factor (Factor 
Loading Score > .5) is presented in 
Figure 3.2. Factor loadings of .3 or 
higher after rotation for each of the five 
components are reported in Table 3.3. 
The component scores were then 
submitted to a multiple regression 
analysis, whose results are presented in 
Table 3.4, using age, eCRF and the age x CRF interaction term as predictors.   
The first factor consists of areas that cover most of the medial and lateral cortex.  It also 
contains subcortical regions including the thalamus, putamen and amygdala.  Regression analyses 
revealed that variance in Factor 1 amplitude was associated with both age and eCRF.  The second 
Figure 3.2: Visualization of the ROIs loading highly (>.5) on 
each factor of the PCA (from data presented in Table 3.2). 
Factor 2 (not represented here) is related to ventricles and 
corpus callosum size (for which loadings were positive and 
negative, respectively). For factor 3, significant and positive 
factor loadings were colored in red, with significant but 
negative factors colored in purple. Superior and inferior views 
are presented with the anterior portion of the brain pointing 
upwards. Although left and right volumes were not examined 
separately, for illustration purposes both hemispheres are 
included in the figure. Anatomical ROIs that had high factor 
loadings but could not be displayed are listed at the bottom of 
each factor column. 
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factor (not shown in Figure 2) included the corpus callosum and ventricles, which were strongly 
associated with age, but not with eCRF.  The third factor was made up almost exclusively of the 
basal ganglia with an additional contribution by the superior parietal cortex.  This factor was 
positively associated with eCRF, but not age.  The fourth factor was comprised of inferior frontal 
and occipital regions.  This factor was associated with age, but was not associated with fitness. 
The fifth factor comprised regions around the dorsolateral prefrontal cortex, the anterior cingulate, 
and the inferior temporal lobe.  Surprisingly, these regions were not associated with either age or 
fitness.   
Table 3.3:  Factor loadings for anatomical ROIs entered in the factor analysis.  Factors are 
ranked in descending order.  Highlighted cells contain values greater than or less than .50. 
Bolded values are loading scores greater than .60.   Values less than .30 are excluded for ease of 
presentation.   
 
Factor 1  Factor 2  Factor 3  Factor 4  Factor 5  
          
Supramarginal .73 CC Mid-Ant. .83 Putamen .66 Cuneus .80 Rostral Ant. C. .67 
Sup. T. .72 CC Central .80 Pallidum .62 Pericalcarine .77 Rostral Mid. F. .63 
Precuneus .67 CC Mid-Post. .79 Caudate .55 Parorbitalis .61 F. Pole .60 
Mid. T. .59 CC Anterior .78 Accumbens .55 Brain Stem .61 Caudal Ant. C. .56 
Inferior P. .59 CC Posterior .69 Banks STS .32 Lat. Occipital .57 Inferior T. .54 
Banks STS .58 Thal. Proper .48 Paracentral .32 Lingual .54 Isthmus C. .45 
Pars operc. .57 Parahippo. .45 Thal. Proper .31 Insula .53 Med. Orbito F. .40 
Paracentral .56 Hippocampus .44 Precuneus -.45 Pars triangularis .51 Entorhinal .36 
Posterior C. .56 Precentral .36 Isthmus C. -.45 Lat. Orbito F. .51 Mid. T. .34 
Insula .55 Brain Stem .33 Sup. Parietal -.55 Med. Orbito F. .48 Inferior Parietal .31 
Parahippo. .54 Postcentral .31 
  
Sup. F. .46 Fusiform .30 
Amygdala .53 CSF -.41 
  
Accumbens .43 
  
Sup. F. .53 4th V. -.45 
  
Precentral .33 
  
Transverse T. .49 Inferior Lat. V. -.70 
      
Postcentral .47 3rd V. -.73 
      
Fusiform .46 Lat. V. -.73 
      
Putamen .44 
        
Sup. Parietal .42 
        
Thal. Proper .41 
        
Caudal Mid. F. .40 
        
Med. OrbitoF. .37 
        
Caudal Ant. C. .37 
        
Lat. OrbitoF. .36 
        
Hippocampus .36 
        
Precentral .34 
        
    F.= Frontal, T.= Temporal, C. = Cingulate, V.=Ventricle, P.=Parietal, CC=Corpus Callosum, Thal.=Thalamus,    
    Lat.=Lateral, Sup.=Superior, Mid.=Middle, Med.=Medial, Parahippo=Parahippocampus, Operc=opercularis, Ant.=Anterior,    
    Post.=Posterior. 
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Table 3.4:  Raw and partial correlations between anatomical factor loadings with age, eCRF, and 
eCRF by age interaction (centered age multiplied by centered fitness scores). N=54  +p < .05, * p 
< .025, ** p < .005 (one-tailed). 
              
  Raw Correlation Partial Correlation  
Age  
( r ) 
 
 eCRF    
( r ) 
 
Age x 
eCRF   
(r) 
 Age    
(β) 
 eCRF 
(β) 
 
Age x 
eCRF  
(β) 
 
Anatomical 
Factors 
 
 
           
Factor 1: -.31  * .31 * .04  -.29 * .29 * .05  
Factor 2: -.70  ** .08  .03  -.70 ** .03  .05  
Factor 3: -.01   .26 + .00  .01  .26 + .00  
Factor 4: -.24  + .04  .03  -.24 + .02  .03  
Factor 5: .03   -.02  -.03  .03  -.02  -.03  
 
 
Thus, we found one factor (Factor 1) that was affected by both aging and fitness, two factors 
(Factors 2 and 4) that were affected only by aging, one factor (Factor 3) that was affected only 
by fitness, and one factor (Factor 5) that was not affected by either variable. 
 
Relationship between Age and Fitness Effects 
The main purpose of this paper is to evaluate the overlap between the profiles of age and 
fitness effects across brain regions.  The effects sizes (Cohen’s d), across different anatomical 
areas, for high-fit and low-age participants are presented in Figure 3.3 (a = cortical and b = sub-
cortical regions). Positive values in this figure indicate age-related reductions in volume (black 
bars) or fitness-related increases in volume (grey bars), and vice-versa for negative values. 
Significant effects (t(53) > 1.67, p < .05, one-tailed) are denoted by bars crossing the horizontal 
dashed line. Nine (out of 48) regions showed significantly greater volumes in high- than in low-fit 
participants. Twenty-one (out of 48) regions showed significantly greater volumes in the younger 
than in the older participants.  
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The data presented in Figure 3.3 suggest that age and fitness effects were especially 
different in regions that were most impacted by age (left side of Figure 3.3a and 3.3b).  This was 
Figure 3.3: Bar graphs depicting the Cohen’s d (effect sizes) as a function of age (black), 
and CRF (grey) for all the ROIs examined (defined by the Desikan-Killiany atlas).  For each 
graph, regions are separately arranged according to decreasing age effects, with regions 
most impacted by age on the far left.  The horizontal dashed line represents the 
significance threshold for a one-tailed t-test, t(53) = 1.67, p=.05. (a) Cohen’s d’s for 
normalized cortical regions. (b) Cohen’s d’s for normalized subcortical grey and white 
matter regions.   
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especially true for the corpus callosum (CC) and ventral frontal regions.  To characterize the 
relationship (or lack thereof) between the two types of effects, a scatter-plot displaying group-level 
age effects against group-level fitness effects across brain regions is presented in Figure 3.4.  
Overall, the correlation between these average t-scores was not significant, r (46) = .078, p = .597.  
 
To quantify the relationship between the two profiles, we computed a consistency-based 
two-way mixed intra-class correlation coefficient.  The result of this analysis indicate that there is 
little consistency between the profile of age effects and the profile of fitness effects on brain 
volumes, ric = .078, p = .298.  Although this analysis failed to reach significance when examining 
all regions, a median split on the effect sizes of age effects revealed interesting differences.   For 
those regions most significantly impacted by age (blue circles in Figure 3.4), a marginal, but 
negative association was found between age and fitness effects (N = 24, r (22) = .380, p = .067).  
Figure 3.4:  Scatter plot reporting effect sizes (Cohen’s d) for age (abscissa) and CRF (ordinate) for each 
of the 48 ROIs. Linear regression lines and coefficients of determination (R2) computed across regions 
are also displayed separately for areas with high (blue) and low (orange) aging effect sizes (as determined 
by a median split of age effect sizes). 
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For regions less impacted by age (red circles in Figure 3.4), no association was found between age 
and fitness effects (N = 24, r(22)  = .117, p = .586).   
 
Discussion 
The main goal of this study was to determine the overlap between the profiles of the effects 
of fitness and age on the volumes of different brain areas in adults aged 55 and older.  This may 
have theoretical and practical importance: If age and fitness were found to be related to similar 
(albeit opposite) volumetric profiles, it could be argued that fitness (or lack thereof) may be an 
important global mediator of the effects of aging, and a fitness-based intervention could be used 
to halt, delay or reverse the effects of aging on brain volumes.  Although a large number of studies 
have investigated the effects of aging and those of fitness on the volumes of various brain regions 
(see Voss et al., 2013 for a detailed review), a determination of the degree of overlap between 
these two sets of effects is still lacking. 
As found previously in several other studies, our results indicate that both age and fitness 
have effects on brain volumes.  As in previous work (Fjell et al., 2013; Raz, 2005; Raz & Rodrigue, 
2006; Raz et al., 2007), the effects of age were particularly evident for the ventricles, the corpus 
callosum, some sub-cortical gray structures such as the hippocampus and portions of the basal 
ganglia, as well as a number of cortical regions.  Also confirming previous work (Bugg & Head, 
2011; Chaddock et al., 2010; Erickson et al., 2009; 2011; Gordon et al., 2008; Verstynen et al., 
2012), eCRF was associated with larger volumes in a small set of brain structures, including some 
cortical (precentral gyrus and superior temporal sulcus) and sub-cortical (amygdala and some 
portions of the basal ganglia) structures. 
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Importantly, however, three findings from our study suggest that the profiles of the effects 
of aging and fitness are not entirely overlapping.  First, an intraclass correlation analysis failed to 
show a significant association between the two types of effects.  Second, the multiple regression 
analysis of the anatomical PCA factor scores showed that age and fitness were by and large 
correlated with different components.  Specifically, although factor 1 was associated with both 
variables, factors 2 and 4 were associated with age and not with fitness, and factor 3 (comprised 
mainly of the basal ganglia) was associated with fitness but not age.  The results of the PCA, 
together with the multiple regression analysis, suggest that age has broad effects on much of the 
cortex. These are, however, at times separable from the effects of fitness, which are more localized 
to regions such as the basal ganglia and medial temporal lobe.  Third, very few interactions (no 
more than could be predicted on the basis of chance) were observed between age and fitness, 
suggesting that fitness did not moderate the age effects.  In other words, according to an additive 
factor logic, this suggests that age and fitness contribute independent, additive effects to brain 
anatomy. 
It is also interesting to note that those regions that are most impacted by age (blue circles 
on the right of Figure 3.4) are among those not significantly impacted by fitness.  As mentioned 
previously, when considering only the 24 regions showing the largest age effects (top half), a 
marginally significant negative association between age and fitness effects is revealed.  Although 
it is not entirely clear why this happens, it is possible that, when the effects of age become too 
prominent then the effects of fitness can no longer counteract them. Another alternative 
explanation is that, in some cases, area volume may not be the best measure of tissue preservation, 
and that other indices of anatomical reserve (such as cortical thinning or measures of myelination) 
may be more sensitive.  This may account for the lack of correlation between corpus callosum 
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volume and fitness obtained in our sample, while an association between fitness and white matter 
integrity (as measured by fractional anisotropy) has been reported in previous studies (e.g., 
Chaddock-Heyman et al., 2014; Johnson et al., 2012).  It should be noted, however, that neither of 
these studies directly compared the effects of age and fitness on white matter integrity.  In addition, 
the sensitivity explanation does not account for the fact that we still find a strong relationship 
between age and white matter preservation in our study. 
There is of course ample evidence of both physiological (Burdette, et al., 2010; Fabiani et 
al., 2014; Zimmerman, et al., 2014) and cognitive (Colcombe and Kramer, 2003; Erickson et al., 
2011; Kashihara et al., 2009; Weinstein et al., 2012) benefits of physical fitness in older adults.  
Further, the brain structures that we (as well as others) find to be associated with CRF actually 
support important functional phenomena (Bugg & Head, 2011; Chaddock et al., 2010; Erickson et 
al., 2009, 2010; Gordon et al., 2008; Verstynen et al., 2012; Weinstein et al., 2012).  
A number of mechanisms might help explain why some regions seem to be more “fitness 
sensitive” compared to others. First, many of these “fitness sensitive” regions play unique roles in 
the planning, coordination, and execution of movements required during aerobic exercise.  Indeed, 
many of the fitness-sensitive regions found in this study are related to motor functions including 
the pre-central gyrus (primary motor cortex), basal ganglia (regulation of movement and motor 
control), superior temporal sulcus (perception of biological motion), and anterior cingulate 
(coordination of motor behavior) (DeLong et al., 1984; Grossman & Blake, 2001; Wenderoth et 
al., 2005; Colcombe et al., 2006; Gordon et al., 2008; Chaddock et al., 2010; Verstynen et al., 
2012). Thus, it is possible that for those older adults who exercise, increased use of these regions 
might preserve them from age-related atrophy, contributing to regional variations. 
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A second possible contributor to this regional specificity is the fact that neurogenesis is 
restricted to just a few regions within the brain.  Animal studies have shown that CRF induces 
neurogenesis in rodents, although this phenomenon seems to be restricted to the hippocampus (e.g., 
Altman, 1969; Brown et al., 2003; Farmer et al., 2004; van Praag, 2008).  In humans adult 
neurogenesis has also been shown within the hippocampus and regions of the basal ganglia 
(Eriksson et al., 1998; Spalding et al., 2013; Ernst et al., 2014).  In the current study and a number 
of prior investigations, the effects of fitness on the hippocampus and the basal ganglia are 
particularly pronounced (e.g., Erickson et al., 2009; Chaddock et al., 2010; Ahlskog, 2011; Bugg 
& Head, 2011; Erickson et al., 2011; McAuley et al., 2011; Nagamatsu et al., 2016).  In fact, our 
study showed that regions of the basal ganglia (particularly the putamen) demonstrated the 
strongest association with eCRF, after partialing out the effects of age and gender. 
Several other mechanisms could further explain the variations in fitness sensitivity of 
certain regions including: differences in cerebral blood flow and arterial stiffness across the cortex 
(e.g., Fabiani et al., 2014; Zimmerman et al., 2014); variations in the sensitivity to various 
neurotrophic factors (e.g., Voss et al., 2013); and differential oxygen requirements across regions 
(Kreisman et al., 2000).  Indeed, it is likely that these mechanisms might work synergistically to 
prevent atrophy in some regions, while providing minimum influence on other areas.  Our study, 
however, points out that fitness cannot completely offset the declines associated with normal 
aging, and illustrates a possible approach for future studies to examine the interactions between 
fitness and age on volumes across different brain structures.   
Within this context, it is important to note that our study, by and large, replicates most of 
the major findings that have been reported both in the literature on anatomical brain aging as well 
as in the effects of fitness on brain volumes.  This indicates that the results of our study are not 
 
 
91 
 
outliers with respect to the extant literature.  What is novel here is the profile approach used, and 
the consequent types of analyses that were carried out to examine it.  A critical requirement for 
these analyses is the inclusion of a large number of areas distributed across the whole brain.  
Another feature of the current study is the dichotomization of the most critical independent 
variables (age, fitness, and gender), which permits their orthogonalization.  This allows for a 
comprehensive and independent examination of the profiles of the effects these variables (and of 
their interactions) across areas.  Finally, another important feature of the analytic strategy 
employed in this study is the use of a factor-analysis approach to identify the brain structures that 
covary as a function of age and fitness.  Although this is a data-driven (rather than theoretically-
based) approach, and therefore it is inherently exploratory, it does help reduce multiple 
comparisons.  It could also help guide future research aimed at understanding the factors 
underlying the emergent grouping (as well as the stability of the grouping across different 
samples).   
A possible limitation of the current work is the relatively small sample size (N=54), which 
could diminish the power of the analysis.  Since some of the findings depend on tests of the null 
hypothesis (such as the lack of a significant intra-class correlation), this lack of power may 
potentially be an important problem.  However, it should be noted that the statistical power of a 
study depends not only on sample size but also on the extent to which experimental error can be 
controlled or minimized.  In this study we used a very rigorous process of data quality control, as 
well as methods for orthogonalizing the variance due to age and CRF.  The effectiveness of these 
procedures is demonstrated by our replication of the main significant effects for both age and 
fitness normally reported in the literature.   
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In conclusion, the current study presents an analytic approach to investigate the degree of 
overlap of the effects of critical variables on brain anatomy.  A crucial aspect of this work is the 
orthogonalization of the effects of these two variables.  This permits to separately study the profiles 
of the effects associated with age and fitness, and demonstrates that they are only partially 
overlapping.  While some areas (such as the precentral gyrus, the banks of the superior temporal 
sulcus, and some subdivisions of the medial temporal lobe) are affected by both age and fitness, 
there are a number of areas (including extensive regions of the frontal, parietal, and temporal 
cortex, as well as the corpus callosum) that are only affected by aging, and some structures (mostly 
in the basal ganglia) that are uniquely affected by fitness.   
These findings support the idea that aging and fitness (or lack thereof) have differential 
effects on the brain. Understanding that fitness cannot revert all of the effects of aging is important 
for many reasons.  First, it may lend support to the hypothesis that a comprehensive preventive 
approach to brain aging focusing on other life-style factors (such as diet or cognitive training) in 
addition to fitness may be more effective than fitness interventions alone, as these other factors 
may potentially help protect those brain regions not responsive to fitness. Second, the limited 
overlap of these effects in many regions may help explain the differential effects of fitness on the 
various domains of cognition found in previous studies. Finally, these differences may also help 
guide neurobiological research examining, in an area-specific way, the mechanisms by which 
fitness could impact the brain.   
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Abstract 
Aging is often accompanied by changes in brain anatomy and cerebrovascular health.  However, 
the specific relationship between declines in regional cortical volumes and loss of cerebral arterial 
elasticity is less clear, as only global or very localized estimates of cerebrovascular health have 
been available. Here we employed a novel tomographic optical method (pulse-DOT) to derive 
local estimates of cerebral arterial elasticity and compared regional volumetric estimates (obtained 
with FreeSurfer) with optical arterial elasticity estimates from the same regions in 47 healthy adults 
(aged 18-75). Between-subject analyses revealed a global correlation between cortical volume and 
cortical arterial elasticity, which was a significant mediator of the association between age and 
cortical volume. Crucially, a novel within-subject analysis highlighted the spatial association 
between regional variability in cortical volumes and arterial elasticity in the same regions. This 
association strengthened with age.  Gains in the predictability of cortical volumes from arterial 
elasticity data were obtained by sharpening the resolution up to individual cortical regions. These 
results indicate that some of the variance of sub-clinical age-related brain atrophy is accounted for 
by the worsening of macro- and micro-vascular environments, and can help to explain the unique 
patterns of brain atrophy found within each individual.   
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Introduction 
 Healthy aging is associated with changes in brain structure and function. As individuals 
age, their performance on many cognitive tasks declines (Park et al., 2002; Salthouse, 2010; 
Schaie, 1989; Wilson et al., 2002). This decline is often accompanied by changes in functional 
brain activity (Alexander et al., 2012; Andrews-Hanna et al., 2007; Cabeza, 2002; Fabiani, 2012; 
Fabiani & Gratton, 2012; Hedden & Gabrieli, 2004) as well as by anatomical changes in brain 
structure (Fletcher et al., 2016; Gordon et al., 2008; Pfefferbaum et al., 2000; Raz et al., 2010). 
Many factors, however, are thought to moderate these changes, including genetics, 
cardiorespiratory fitness levels and nutrition, to name a few (Alexander-Bloch et al., 2013; 
Erickson et al., 2015; Gómez-Pinilla, 2008; Kramer et al., 2005; Kramer et al., 2006; Monti et al., 
2015; Toga & Thompson, 2005; Voss et al., 2013). 
  Among the factors that can play an important role in moderating the effects of aging on 
the brain, and explain some of the individual differences that have been observed in this 
relationship, is the status of the cerebrovascular system. In particular, loss of arterial elasticity is 
accompanied by cognitive decline (Rabkin, 2012; Unverzagt et al., 2011), can greatly increase the 
risk of cerebrovascular accidents (Hatanaka et al., 2011; Mattace-Raso et al., 2006), and has been 
linked to the accumulation of beta-amyloid in Alzheimer’s Disease (Casserly & Topol, 2004; 
Kalaria et al., 2012; see also Hohman et al., 2015). 
 There is also evidence that vascular risk factors may influence brain anatomy and cognitive 
function even in the absence of stroke or Alzheimer’s disease.  For instance, Raz and colleagues 
(2007) showed an association between vascular risk factors, smaller prefrontal volumes, and lower 
scores on tests of fluid intelligence (see also Jolly et al., 2016; 2017).  Similarly, a meta-analysis 
examining the effects of peripheral blood pressure showed that 26 of the 28 studies included 
showed an association between hypertension and volumetric reductions in the brain, with 
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particularly strong effects in the frontal and temporal lobes (Beauchet et al., 2013).  Although the 
mechanisms behind these associations are not entirely clear, it is possible that arterial stiffness 
and/or chronic vasoconstriction may cause chronic brain hypoperfusion, which in turn can lead to 
brain atrophy, even at sub-clinical levels. Another possibility is that endothelial dysfunction, such 
as down-regulation of the endothelial growth factor, may play a role in neurodegeneration and 
cognitive decline (Hohman et al., 2015).  
 Most of the evidence mentioned above is based on large-scale studies using simple 
measures of arterial elasticity, such as pulse pressure (the difference between systolic and diastolic 
blood pressure), which is known to correlate with systemic arterial stiffness (or inversely correlate 
with arterial elasticity [Beauchet et al., 2013, Cannesson et al., 2011]). However, pulse pressure 
tends to be unreliable (Stergiou et al., 2009). Other investigators have used more precise measures 
of peripheral arterial stiffness (such as pulse wave velocity, augmentation index, ultrasound arterial 
wall distension), to examine their association with brain and cognitive measures in older adults. 
Two recent meta-analyses based on studies including these measures provide strong support for 
an association between peripheral stiffness and declines in cognition, with parallel increases in the 
number/severity of white matter hyperintensities (Rabkin, 2012; Singer et al., 2014). In contrast, 
studies of the association between arterial stiffness (measured outside the brain) and volumetric 
brain changes have provided less clear findings. For instance, a recent study examined the 
association between overall cortical volume and arterial stiffness (measured as the distension – or 
lack thereof – of the carotid arteries) using an ultrasound-based wall-tracker system in 526 older 
participants [Jochemsen et al., 2015; Segers et al., 2004]).  Although cross-sectional analyses 
revealed a negative correlation between carotid distension and total gray matter volume (and also 
a positive correlation with increased white matter lesion volume), these findings did not reach 
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significance in a prospective analysis after a 4-year follow-up.  Similarly, a large sample (N=1,223) 
study of older adults failed to find an association between various peripheral stiffness measures 
(inverse-transformed carotid-femoral pulse wave velocity, central pulse pressure, and mean 
arterial pressure) and brain anatomy as a whole (Tsao et al., 2016). 
 In summary, although these previous studies hint at an association between arterial stiffness 
and age-related volumetric brain changes, explorations of these associations have been limited in 
a number of ways.  First, most studies have only used peripheral measures of arterial stiffness as 
an indirect index of cerebral arterial status. Although it is possible that an association between 
peripheral and cerebral measures exists, there is also evidence (based largely on MR studies) for 
the existence of a specific pathology of the cerebral vasculature that is to some extent independent 
from a generalized peripheral vasculature pathology (see for example Blair et al. 2016; Peres et 
al., 2016; Shy et al., 2016; Van Norden et al., 2011). This underscores the importance of obtaining 
direct measurements of cerebrovascular status in the brain, which might better correlate with 
changes to brain anatomy and cognition.  Second, due to the fact that peripheral measures only 
yield a global estimate of arterial elasticity (or stiffness) per individual, comparisons between 
regional cerebral arterial stiffness and regional gray matter volumes have not been possible. An 
important aspect of anatomical brain changes in aging is that different regions do not lose tissue 
homogenously across the lifespan. Although some regions are more affected by aging than others 
(Fjell et al., 2013; Walhovd et al., 2011), the exact spatial distribution and magnitude of these 
changes varies across and within individuals (Alexander-Bloch et al., 2013; Gordon et al., 2008; 
Raz et al., 2010).  Furthermore, the mechanisms underlying the increased sensitivity of certain 
brain regions to aging are not fully known (see Fletcher et al., 2016).  A possible cause of 
individual variability in the spatial distribution of brain atrophy may be that the spatial patterns of 
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the integrity of the local vascular system might also differ across individuals, and influence the 
degree of atrophy regionally.  
 To overcome these limitations, we recently developed a new procedure to assess local 
cerebrovascular health using near-infrared (NIR) light (Fabiani et al, 2014; Tan et al., 2016; see 
also Tan et al., 2017). This technique involves injecting NIR light through the scalp and detecting 
the backscattered light at a certain distance from the light source. The pulsation of blood in the 
arteries and arterioles produces large periodic changes in hemoglobin concentration, which cause 
oscillations in the amount of light absorbed by the tissue. These changes are commonly measured 
in the finger using photoplethysmography. In the brain, pulsation data can be easily obtained using 
the same procedures employed for functional near infrared spectroscopy (fNIRS; Hoshi & Tamura, 
1993; Murkin & Arango, 2009; Villringer & Chance, 1997). The optical arterial pulse obtained in 
this fashion is a very large signal, easily identifiable in each individual subject and at each 
recording location without averaging, although even greater reliability can be achieved by 
averaging over a few minutes of recording (Fabiani et al., 2014; Tan et al., 2017).   
 When the focus is on functional brain imaging (fNIRS), the pulse signal is eliminated as a 
nuisance variable (Gratton & Corballis, 1995), whereas here we use it as the signal of interest. In 
previous work, we have demonstrated that the optical pulse signal comes from arteries inside the 
skull rather than from superficial, extracranial, head arteries (Fabiani et al., 2014)2. We have also 
shown that various parameters related to cerebral arterial health can be extracted from the recorded 
optical pulse, including measures of pulse pressure, transit time (or pulse wave velocity), and a 
                                                          
2 We have used four criteria to ascertain that this is the case: (1) large arteries are spatially localized consistently  
with intracranial, rather than extracranial arteries; (2) the arterial flow and timing of pulse peak (measured by pulse 
transit time at different locations along a large artery) are consistent with intracranial rather than extracranial arteries; 
(3) local optical pulse measures are predictive of phenomena (cortical atrophy and/or cognitive deficits) that are 
specific to those same brain areas; and (4) the pulse parameters are very similar when obtained using light intensity 
and phase delay methods, which should produce similar effects for signals generated in deep (>1 cm) head locations, 
but opposite effects for signals generated in superficial (<1 cm) locations.  
 
 
106 
 
measure of the shape of the pulse which we label here pulse relaxation function, or PReFx 
(previously labeled arterial compliance; see Fabiani et al., 2014; Tan et al., 2017).3 According to 
the Windkessel model, healthy elastic arteries enable slower pulse wave velocity and delayed 
recoil, allowing for a temporally distributed pulse wave and for sustained blood flow even during 
the diastolic period (Izzo & Shykoff, 2001). Conversely, stiff arteries result in increased pulse 
wave velocity and quick recoil, thus generating a large pulse response during the systolic period, 
but reduced ability to maintain a prolonged blood flow during the diastolic period. This difference 
implies a smaller and smoother optical pulse from healthy arteries when compared to stiff ones, 
which yield a larger and “spikier” response.  Thus the degree of arterial elasticity in brain arteries 
and arterioles can be assessed by measuring the shape of the arterial pulse, and in particular by the 
extent to which the artery retains its expanded volume after the systolic peak. The pulse relaxation 
function (PReFx) measure (see Figure 4.1b) reflects a combination of arterial elasticity and 
peripheral resistance. The Fabiani et al. (2014) study was the first to demonstrate that this 
parameter was negatively correlated with age and positively correlated with cardiorespiratory 
fitness in a group of healthy older adults between the ages of 55 and 87. Most importantly for the 
purposes of this paper, PReFx was positively correlated with overall brain volumes (total gray, 
white and subcortical gray matter) as well as with measures of cognitive flexibility. A recent 
replication examining these measures across the life span in an independent sample (ages 18-75) 
demonstrated the excellent reliability of these measures and replicated the positive association 
found between compliance and measures of global brain anatomy (Tan et al., 2017). 
 
                                                          
3 In previous publications (e.g., Fabiani et al., 2014) we have referred to this pulse shape measure as “arterial 
compliance”.  However, since this term is also used to refer to a different phenomenon (i.e., the amount of arterial 
distension as a function of arterial pressure change), we prefer to use here the more descriptive term “pulse 
relaxation function” (and the corresponding acronym PReFx). 
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In this paper, we have extended these optical measures of arterial stiffness by implementing 
a diffuse optical tomography (DOT) approach (Chiarelli et al., 2016). This procedure produces 3D 
images of the optical pulse (or pulse-DOT) within the head, allowing us to better explore the spatial 
relationship between optical measures of arterial stiffness and measures of cortical volume 
(derived from structural Magnetic Resonance Imaging, sMRI, using FreeSurfer©) across cortical 
regions for each participant. Although the pulse-DOT measures can in principle be used to 
Figure 4.1:  (a) Optode montage (top) and sensitivity map (bottom) rendered onto the structural MRI image of 
the same representative participant. The optode montage allowed for the investigation of cortical regions up 
to a depth of ~30 mm. In the average optical sensitivity map (Jacobian), shown in yellow are points with 
sensitivity <1/1000 of the maximum sensitivity (b) Schematic diagram describing the estimation of pulse 
relaxation function (PReFx) for a particular pulse shape. PReFx (green area) is defined as the difference between 
the observed area under the pulse (normalized by the peak-to-peak systole-diastole amplitude and by the 
interbeat interval) and the area that would reflect a linear relaxation of the arteries across the interval between 
the systolic and the diastolic peaks. PReFx is a measure of an area; however, since both the vertical and 
horizontal axes are normalized, it is essentially dimensionless, with a range between -5 and +.5. 
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investigate a number of pulse parameters within the brain (such as pulse amplitude and pulse transit 
time), we focused here on PReFx. This parameter was selected because it is less influenced by the 
presence of larger arteries (which can impact pulse amplitude, a proxy for pulse pressure), and is 
not impacted by its distance from the carotids (which influences pulse transit time; Fabiani et al., 
2104). Both of these characteristics are useful when comparing arterial pulse parameters across 
brain regions and subjects.  
We measured average arterial compliance for each of 50 regions of interest (ROIs) that 
were defined using the Desikan-Killiany atlas of FreeSurfer (Desikan et al., 2006), separately for 
each subject. To briefly summarize our main findings, we first extended previous reports (Fabiani 
et al., 2014; Tan et al., 2017), demonstrating that tomographic measurements of overall brain 
PReFx mediate the relationship between age and average grey matter volume.  In addition, we 
showed for the first time the hemispheric and regional specificity of this relationship, which 
significantly accounts for some of the variations in regional brain volumes in each individual. 
 
Method 
Participants 
Participants in this study were the same as in Tan et al. (2017).  However, this study 
includes, for the first time, tomographic reconstruction of the optical arterial data, mediation 
analyses focused on overall brain anatomical data, and analyses of the regional relationship 
between optical and structural MRI data (the central focus of the current study), none of which 
was included in Tan et al. (2017). 
Forty-eight healthy adults (25 females) between the ages of 18 and 75 years were recruited 
for participation in the study.  Participants were recruited in a stratified manner in order to obtain 
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a final sample of relatively equal numbers of men and women within each age decade.   The study 
was approved by the Institutional Review Board of the University of Illinois and participants 
signed informed consent. Participants admitted into the study reported themselves free of serious 
health problems, including mental or neurological disease, and other serious chronic medical 
conditions such as diabetes.   
 
Table 4.1: Demographic, neuropsychological, and physiological characteristics of the 
participants.  
             
 
All  
(N=47) 
Younger (<48) 
(N=23) 
Older (>48) 
(N=24) 
t-test 
(2-tailed) 
Females : Males 24 : 23 11:12 13:11   
 Mean  SD Mean  SD Mean  SD p  
Age 47.58 17.51 32.05 9.19 62.47 7.76 0.000 *** 
Education (years) 17.28 2.23 16.52 1.95 18.00 2.28 0.021 * 
Weight (Lbs) 185.11 41.30 185.29 43.60 184.93 39.90 0.976  
Height (Inches) 68.08 3.57 67.89 3.33 68.26 3.85 0.726  
BMI 28.01 5.55 28.20 5.92 27.82 5.29 0.820  
BDI 2.55 3.31 3.13 2.69 2.00 3.79 0.243  
mMMS 55.77 1.22 55.61 1.31 55.92 1.14 0.394  
Heart Rate 70.12 8.42 69.85 9.38 70.39 7.59 0.830  
Systolic BP 130.58 13.73 129.58 14.28 131.54 13.42 0.629  
Diastolic BP 78.87 8.03 79.51 7.39 78.26 8.71 0.598  
Pulse Pressure 51.71 10.15 50.07 10.23 53.28 10.03 0.282  
  
 +p < .10, * p < .05, ** p < .01, *** p < .001. BMI=body mass index; BDI=Beck’s depression 
inventory; BP=blood pressure; mMMS= modified Mini Mental Status Exam  
 
All participants were right-handed as assessed by the Edinburgh Handedness Inventory 
(Oldfield, 1971) and native speakers of English.  Other criteria for inclusion were to be free of 
dementia (i.e., having a score of 50 or higher on the modified Mini-Mental Status Exam; Mayeux 
et al., 1981) and depression (as assessed by the Beck’s Depression Inventory; Beck & Steer, 1987).  
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One participant was excluded from all analyses due to problems in optical data collection, leaving 
a total of 47 participants (24 females).  
Average demographics, including age, BMI and blood pressure are reported in Table 4.1.  
A median-split-by-age analysis indicated that the older group had on average a higher level of 
education compared to the younger group. However, it is important to note that many of the 
youngest participants were not old enough to have completed undergraduate or graduate education.  
All other measures (except age) were not statistically different between the two groups. 
 
Collection and processing of structural MRI data 
Structural magnetic resonance images (sMRI) were collected for each participant using a 
3T Siemens Trio full body scanner. A high resolution, 3D MPRAGE protocol was used, with a 
flip angle = 9◦, TE = 2.32 ms, TR = 1900 ms, and inversion time = 900 ms. Slices were obtained 
in the sagittal plane (192 slices, .9 mm slice thickness, voxel size .9 x .9 x .9 mm) having matrix 
dimensions of 192 x 256 x 256 (in-plane interpolated at acquisition to 192x512x512) and field of 
view of 172.8 x 230 x 230 mm. 
FreeSurfer© 5.3 (Dale et al., 1999; Fischl & Dale, 2000; Fischl et al., 2001; Fischl et al., 
1999a; Fischl et al., 1999b; Fischl et al., 2004) was used to extract cortical ROIs for each 
participant. All FreeSurfer output was visually inspected by two trained reviewers and errors were 
corrected according to standard methods recommended by the Martinos Center for Biomedical 
Imaging (for additional information, see https://surfer.nmr.mgh.harvard.edu/fswiki/ 
FsTutorial/TroubleshootingData). After error correction, the Desikan-Killiany atlas was used to 
define cortical ROIs for each individual, and cortical volume was estimated for each of these 
regions (see Desikan et al., 2006, for ROI visualization).  To account for differences in head size 
volumes were normalized by the estimated intracranial volume provided by FreeSurfer 5.3 using 
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the method first described by Jack et al. (1989).  Lastly, to estimate the size of the cortical volume 
of each ROI of a given subject relative to the mean and standard deviation across all other subjects, 
the ROI volume estimates were standardized (i.e., mean=0 and SD=1) across participants, but 
within each region; this also allowed us to account for baseline differences in the size of the 
different atlas-defined ROIs. 
 
Electrocardiogram recording and analysis 
The electrocardiogram (EKG) was recorded with a Brain-Vision™ recorder and a Brain-
Vision professional BrainAmp™ integrated amplifier system (Brain Products GmbH, Germany), 
in order to synchronize the optical pulse data to the R wave of the EKG and ensure that the same 
pulse was examined regardless of location. Specifically, lead I of the EKG (left wrist referenced 
to right wrist) was recorded with a sampling rate of 200 Hz and a band-pass ﬁlter of 0.1 Hz to 100 
Hz. The exact timing of each R-wave peak was found by searching for peak points exceeding a 
certain voltage threshold (scaled for each participant) and dismissing any peak points outside the 
normal range of inter-beat intervals. Proper identiﬁcation of each peak was subsequently ensured 
by visual inspection and any false detections (e.g., a large T wave inadvertently identiﬁed as an R 
wave) were eliminated (these were very rare – <5%). 
 
Optical recordings 
Optical data were acquired with a multi-channel frequency-domain oximeter (ISS 
ImagentTM, Champaign, Illinois) equipped with 128 laser diodes (64 emitting light at 690 nm and 
64 at 830 nm) and 24 photo-multiplier tubes (PMTs). Time-division multiplexing was employed 
so that each detector picked up light from 16 different sources at different times within a 
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multiplexing cycle.  The sampling rate was 39.0625 Hz.  The light was carried to the scalp using 
single optic fibers (0.4 mm core) and from the scalp back to the detectors using fiber bundles (3 
mm diameter).  The fibers were held in place using soft, but rigid, custom-built helmets, whose 
sizes differed as a function of head circumference.  During the recording, participants performed 
a resting-state paradigm (e.g., Eggebrecht et al., 2014): Two 6-minute blocks were recorded for 
each of four consecutive recording sessions in which different optical recording montages were 
used, spanning a recording period of approximately 3 hours (including the time required for setting 
up new optical montages). The helmet was never removed across the whole optical recording.  A 
total of 384 channels (192 at 830 nm and 192 at 690 nm) were acquired for each montage, with 
source-detector distances varying between 15 mm and 80 mm for a total of 1536 channels covering 
most of the scalp surface.  The optical measurements were based on a high density, large field-of-
view optode montage (covering the majority of the cortical mantle).  Figure 4.1a shows source and 
detector locations, and the area of optical sensitivity given the newly implemented tomographic 
approach, rendered onto the structural MR image of a representative participant. 
 
Optode digitization and MRI co-registration 
While the helmets were still sitting on the subjects’ head, fiducial markers were placed on 
their left and right pre-auricular points (LPA and RPA) and on the nasion (Na).  These fiducial 
points, optode locations, and other scalp locations were digitized with a Polhemus FastTrak 3D 
digitizer (Colchester, VT; accuracy: 0.8 mm) using a recording stylus and three head-mounted 
receivers, which allowed for small movements of the head in between measurements. Optode 
locations and structural MRI data were then co-registered using the fiducials and a surface-fitting 
Levenberq and Marquard algorithm (Chiarelli et al., 2015b; see also Whalen et al., 2008). 
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Optical pulse analysis 
The optical DC intensity data (i.e., average measures of the amount light produced by a 
specific source and reaching a particular detector during a multiplexed 1.6-ms interval) were 
normalized (by dividing them by their mean value), movement corrected (Chiarelli et al. 2015a), 
and band-pass ﬁltered between 0.5–5 Hz (Butterworth digital filter).  As arterial blood is highly 
(>95%) saturated, only light intensity data at 830 nm of wavelength were used for pulse shape 
estimation. The longer 830-nm wavelength has a higher sensitivity to pulse-related absorption 
changes due to its higher sensitivity to oxygenated hemoglobin when compared to the shorter 690-
nm wavelength (Fabiani et al., 2014). The use of one wavelength (rather than two) facilitated the 
tomographic (3D) reconstruction process.  However, in our past work, we found a very strong 
correlation (r>.95) between pulse measures obtained using 690 nm and 830 nm light (Fabiani et 
al., 2014). 
The pulse waveform for each channel was obtained by averaging the DC light intensity 
time locked to the peak of the R wave of the EKG (signaling the depolarization of the ventricular 
myocardium), ensuring that the same pulse cycle was measured at all locations. To determine the 
reliability of pulse parameters, data for the first and second recording block (for each optode 
montage) were averaged separately, and separate estimates of optical parameters were obtained 
for each block. For all the other analyses the averages obtained from the two blocks were collapsed. 
In order to decrease sensitivity to superficial artifacts, only channels with inter-optode distance 
>25 mm were used. To increase the overall signal-to-noise ratio (SNR) of the measurements 
channels with inter-optode distance >70 mm were not used, as they provide levels of light that are 
too low to be useful. 
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In order to generate a 3D reconstruction of the pulse waveform across the head, a model of 
light propagation within the head (forward model) and an inverse procedure are required. The 
Finite Element Method (FEM) applied to the diffusion equation (Ishimaru, 1989; Paulsen & Jiang, 
1995) was used to estimate the forward model. The FEM software NIRFAST (Dehghani et al., 
2009; Eggebrecht et al., 2014) was used to model light propagation through heterogeneous head 
models and to compute Jacobian (sensitivity) matrices of DC light intensity reflecting absorption 
changes. Figure 4.1a reports an example of an average Jacobian (average optical sensitivity) for a 
representative participant overlaid onto the same participant’s anatomical MRI. The average 
Jacobian is displayed up to an attenuation of 60 dB (1000 times) from its maximum value. “Fine” 
meshes (maximum tetrahedral volume = 2 mm3) were generated for FEM using the Matlab 
software iso2mesh (Fang & Boas, 2009). The heterogeneous head models were based on 
segmented T1-weighted 3D anatomical images. Segmentation of the skull and scalp, cerebrospinal 
fluid (CSF), white matter, and gray matter was performed using Statistical Parametric Mapping 
(SPM, Friston et al., 1994) functions applied to T1 weighted images (Penny et al., 2011). Baseline 
optical properties (absorption μa, reduced scattering coefficient μs’  and refraction index η) of the 
tissues at the relevant wavelength were taken from Tian and Liu (2014) and Chiarelli et al. (2016). 
The optical values at the wavelength of interest (830 nm) were set to: scalp and skull: μa=0.014 
mm-1, μs’=0.84 mm-1; CSF: μa=0.004 mm-1, μs’=0.3 mm-1; grey matter: μa=0.019 mm-1, μs’=0.673 
mm-1; white matter: μa=0.021 mm-1, μs’=1.01 mm-. The refraction index was set at η=1.4 for all 
the simulations and mediums considered.  An inverse procedure introduced by Chiarelli et al. 
(2016) was used to convert intensity changes on individual channels to absorption changes in voxel 
space. This inverse procedure allowed for an unbiased localization of absorption fluctuations up 
to a depth of 30 mm from the scalp. 
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PReFx (see Figure 4.1b and Fabiani et al., 2014; Tan et al., 2017) is a measure of the shape 
of the pulse during the interval between a peak systole and a peak diastole.  It describes the way 
in which arteries return to the original size after dilating to accommodate the blood bolus generated 
by a heart pulsation. To the extent that this curve is decelerated, the artery can be considered to be 
elastic; acceleration of this function is a sign of arterial stiffness.  For this reason, PReFx is 
computed as the area under the pulse during this interval, after subtraction of a triangle describing 
a “linear” relaxation.  To make this measure independent of peak amplitude (which is related to 
pulse pressure) and heart rate, the values are normalized (setting the peak systole = 1 and peak 
diastole = 0; and dividing them by the duration of the systole-diastole interval)4. 
PReFx was estimated for each voxel for which the sensitivity (measured by the average 
Jacobian) was greater than 1/1000 (60 dB) of the maximum value. This allowed us to disregard 
voxels too deep to provide useful data (approximately > 3 cm from the scalp) as well as voxels 
that were not covered by the optical montage (Figure 4.1a). In addition, only voxels within the 
cortex (as identified by FreeSurfer) were considered. Regional PReFx was computed for 50 of the 
70 FreeSurfer regions (25 from each hemisphere).  These regions were selected because, on 
average, at least 10% of their volume was sampled by the optical recording (note that for all 
subjects, optical estimates were available for at least 5% of the voxels for all these areas). The 
other 20 regions (10 per hemisphere) did not satisfy these criteria because they were either too 
deep or insufficiently covered by the optical montages.  As such, reliable measurement of the pulse 
and PReFx could not be obtained for these regions. Regional PReFx was estimated as the average 
PReFx across the voxels included in the ROI for which optical estimates of the pulse were 
available. The 50 ROIs used for pulse measurement are listed in Table 4.2.  
                                                          
4 Note that this calculation might lead to a negative number, although this never occurred within this dataset.   
 
 
116 
 
Table 4.2: FreeSurfer regions analyzed, average volume, optical voxels, and percent (%) volume 
explored with optical recordings  
 Left Hemisphere Right Hemisphere 
ROI 
Average  
volume 
(mm3) 
Optical 
voxels 
(mm3) 
Percent 
optically 
sampled 
Average 
volume 
(mm3) 
Optical 
voxels 
(mm3) 
Percent 
optically 
sampled 
Banks of Sup. Temp. 
S. 2505 501 20 2440 590 24 
Caudal Mid. Frontal 6543 3691 56 6032 2226 37 
Cuneus 2860 532 19 3167 464 15 
Frontal Pole 12610 2934 23 15174 3324 22 
Inf. Parietal 11191 1617 14 10659 1680 16 
Inf. Temporal Gyrus 12008 1387 12 12074 1417 12 
Lat. Occipital 7437 878 12 7217 934 13 
Lat. Orbitofrontal 4832 647 13 4983 643 13 
Med. Orbitofrontal 11176 2464 22 12395 2532 20 
Mid. Temporal 3514 1252 36 4067 1252 31 
Paracentral Gyrus 4868 2245 46 4079 1579 39 
Pars Opercularis 2205 357 16 2587 384 15 
Pars Orbitalis 3642 917 25 4207 1064 25 
Pars Triangularis 1961 342 17 2260 340 15 
Pericalcarine 10262 3721 36 9829 4008 41 
Postcentral Gyrus 13774 5710 41 13449 5999 45 
Precentral Gyrus 9598 2534 26 10027 2801 28 
Precuneus 15449 5129 33 15848 5798 37 
Rostral Mid. Frontal 22578 8458 37 21622 9313 43 
Sup. Frontal 13380 5423 41 13480 6111 45 
Sup. Parietal 11912 3478 29 11361 2396 21 
Sup. Temporal 11273 2125 19 10417 1493 14 
Supramarginal 797 126 16 1084 147 14 
Temporal Pole 2471 299 12 2249 262 12 
Transverse Temporal 1194 663 56 930 323 35 
 
Sup. = Superior; Inf. = Inferior; Mid. = Middle; Lat. = Lateral; Med. = Medial; Temp. S. = Sulcus                         
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Hierarchical Clustering 
A data-driven clustering procedure was implemented in order to test the level of spatial 
specificity in the relationship between cortical volume and PReFx.  To this end we first performed 
a hierarchical agglomerative (bottom-up) clustering (Corpet, 1988), starting from 50 clusters (i.e., 
each segmented FreeSurfer region) and 47 participants. The Euclidean metric and the Ward’s 
method (Ward, 1963) were used for the clustering procedure. This method decreases the number 
of clusters (which means fusing previous clusters) by minimizing the total within-cluster variance. 
The cluster analysis was performed separately for standardize volume and PReFx data. We were 
then interested in determining whether progressively smaller clusters would provide a better 
depiction of the relationship between cortical volume and PReFx. This was based on analyzing 
how much of the total variance in cortical volumes observed between different regions occurred 
between clusters defined on the basis of PReFx, as the size of the clusters progressively diminished 
(or as the number of clusters progressively grew). In principle this problem can be considered akin 
to a multiple regression analysis, in which the ability of a model (in this case, a cluster-based 
classification of brain regions based on arterial elasticity) to predict variance in a dependent 
variable (in this case, cortical volume for each region) can be expected to increase as the number 
of predictors (i.e., clusters) increases – although this may occur as a function of chance.  We 
therefore applied a correction function (normally used in multiple regression) to account for the 
effect of chance.  We then examined how much additional variance was accounted for by the model 
every time we increased the number of clusters (in this case, in steps of four). The size of each step 
(4) was empirically chosen to be a compromise between noise level and resolution of the clustering 
test. To determine whether this increase was significant, we computed an F ratio between the 
additional between-cluster variance obtained by incrementing the number of clusters by 4 and the 
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residual error variance (updated for each level of the model), with each term divided by the 
appropriate degrees of freedom. This method was used to identify the levels along the hierarchy 
of clustering steps that actually provided a significant increase in the amount of variance in cortical 
volume accounted for. 
 
Statistical analyses 
Since most of our a-priori hypotheses were directional (as we expect that greater arterial 
elasticity will be associated with larger volumes and younger ages), one-tailed p-values are 
reported (unless noted otherwise). To further investigate the effects of age, follow-up analyses 
typically involved a median split of the whole sample based on age (over or under the age of 48). 
 
Results 
Reliability of PReFx estimates and relationship with heart rate 
The reliability of the PReFx estimates (averaged across the 50 ROIs), calculated as the 
across-participants correlation between the values obtained for the first and second recording 
block, was extremely high (r(45)=0.98, p<.0001). Importantly, PReFx was not significantly 
correlated (across subjects) with the average heart rate obtained during the measurement (r(45)=-
0.11, n.s.). This suggests that our normalization procedure was successful, and that PReFx is a 
measure of pulse shape, independent of the inter-beat interval (i.e., the inverse of heart rate). 
 
Global arterial elasticity and brain volume 
The purpose of this analysis was to confirm that the 3-D reconstructed data analyzed in the 
current study maintained the relationship between age, global cortical volume, and whole-brain 
 
 
119 
 
PReFx reported by Tan et al. (2017).  We therefore computed the average cortical volume and 
average PReFx across all 50 ROIs. Across the 47 subjects, global PReFx had average value of 
0.101 (SD=0.044). The highest value of PReFx was 0.237, obtained for a 20-years-old participant, 
whereas the lowest value was 0.021 in a 60-years-old participant. On average, both cortical volume 
and PReFx significantly declined with age, r(45) =-.82 and -.46, respectively, p’s<.001.  Moreover, 
there was a positive correlation between PReFx and grey matter volume, r(45)=.54, p<.001.  
Since it was hypothesized that part of 
the age-related reduction in brain volume is 
due to arterial stiffness, it is important to 
determine whether PReFx acts as a 
significant mediator of these age-related 
effects on global brain volume. To address 
the first question, we performed a mediation 
analysis (Hayes, 2008).  As can be seen in 
Figure 4.2, this analysis showed that PReFx 
significantly mediated the association between age and volume (the 95% confidence interval of 
the Interference Indirect Effect ranged between -.0313 and -.0186, N=47, Bootstrap=10,000).  This 
mediation also remained significant when controlling for both systolic and diastolic blood pressure 
(the 95% confidence interval of Interference Indirect Effect ranged between -.0078 and -.0004) 
suggesting that PReFx provided additional explanatory value for the relationship between age and 
total brain cortical volume, over and above that provided by systemic pulse pressure measures. 
 An alternative hypothesis is that the correlation between PReFx and global brain volume 
is spurious, only reflecting the correlation between PReFx and age.  To address this hypothesis, 
Figure 4.2:  Mediation of global arterial elasticity (PReFx) 
on the association between age and global brain volume. 
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we performed a step-wise multiple regression analysis in which age was partialed out before 
computing the correlation between arterial compliance and global brain volume.  The residual 
partial correlation was still significant, r(45)= 0.319, p<.05, indicating that the relationship 
between overall PReFx and global brain volume is not simply due to its relationship with age. 
 
Regional arterial elasticity and cortical volume 
The main purpose of this paper is to explore the regional (rather than global) relationships 
between cortical volumes and arterial elasticity. For that we computed correlations between age 
and cortical volume, age and PReFx, and PReFx and cortical volume for each of the 50 ROIs. 
Maps of these correlations (in which correlations are presented in the form of a color scale for each 
cortical ROI) can be seen in Figure 4.3. For display purposes, we used a color scale based on the 
absolute (unsigned) value of the correlation coefficients (as correlations between age and volume 
and age and PReFx are expected to be negative, whereas correlations between PReFx and volume 
are expected to be positive). The findings for the relationship between age and volume support 
previous studies showing that age-related atrophy is particularly evident in frontal, parietal and 
temporal regions, with a smaller degree of atrophy in occipital regions (Beauchet et al., 2013, Fjell 
et al., 2013; Gordon et al., 2008; Walhovd et al., 2011;). Interestingly, a similar spatial pattern can 
be found for the other two sets of correlations (age vs. PReFx and PReFx vs. cortical volume), 
indicating that the average spatial distribution of these regional effects is similar. To quantify the 
visual similarities across these maps, we computed spatial correlations to evaluate their overlap in 
an ROI-wise fashion.  The spatial correlation between the age/volume and PReFx/volume 
correlations was r(48)=0.33, p=0.017, that between age/volume and age/PReFx was r(48)=-0.36, 
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p=0.001, and that between age/PReFx and PReFx/volume was r(48)=-0.65, p<.0001. 
 
 
Spatial relationship between arterial elasticity and cortical volume: Hemispheric analysis 
As a first step to assess the spatial association between regional vascular and volumetric 
measures within each participant, we examined the relationship between hemispheric differences 
in cortical volume and hemispheric differences in PReFx. Across all participants (Figure 4.4a) 
there was a significant positive association between the hemispheric patterns of PReFx and cortical 
volume (r(45)=.24, p<.05), indicating that the hemisphere with higher PReFx also had greater 
Figure 4.3:  Maps depicting the unsigned correlations (computed across the entire sample of 47 subjects) between 
age, volume and the pulse relaxation function (PReFx) for the 50 Freesurfer ROIs. Colors represent the size of the 
correlations (see scales shown on the right). (Top) Correlations between age and cortical volume; (Middle) 
correlations between age and PReFx; and (Bottom) correlations between PReFx and cortical volume. The 
correlations between age and volume and age and PReFx were always negative, whereas the correlations between 
volume and PReFx were always positive for each ROI examined. 
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cortical volume (or less atrophy). This relationship was, however, primarily driven by the older 
(>48) adult subjects. Figures 4b and 4c show that when younger and older adults are considered 
separately, the spatial relationship between PReFx and volume was only significant for the older 
group (young, r(21)=.13, ns ; old, r(22)=.41, p<.05). 
 
 
 
 
Figure 4.4:  Scatter plots depicting the relationship 
between hemispheric differences in average 
cortical volume (Right Hemisphere – Left 
Hemisphere) and average PReFx (Right 
Hemisphere – Left Hemisphere) for all participants 
(a); and for those younger (b) and older (c) than 
age 48 (i.e., based on a median split by age).  
+p<.10, *p<.05, **p<.01, ***p<.001 (one-tailed).     
Figure 4.5:  (a) Histogram of the average spatial 
association within participants for all participants 
(dark grey box), and separately for those younger 
(white box) and older (light-gray box) than age 48.  
Error bars represent the standard error of the 
mean. (b) Scatter plots depicting the relationship 
between age and the Fisher-Transform of the intra-
participant correlation between regional anatomy 
and regional PReFx.  Each dot represents the Fisher-
transformed correlation for a different individual. 
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Spatial relationship between arterial elasticity and cortical volume: ROI analysis 
As stated previously, different regions of the cortex atrophy at different rates. 
Furthermore, although some regions are on average more sensitive to age-related atrophy than 
others (Gordon et al., 2008; Raz et al., 2010; Raz et al., 2005; Raz & Rodrigue, 2006), a great 
deal of variability in these patterns exists between individuals. To examine the association 
between regional variations in arterial elasticity and these unique individual regional volumetric 
patterns, for each participant we computed the spatial correlation (across the 50 ROIs) between 
PReFx and brain volume. Each participant’s spatial correlation was then Fisher transformed.  A 
t-test revealed that the spatial relationship was significantly different from zero when considering 
all participants, t(46)=2.70, p<.01 (see Figure 4.5a, dark grey bar).  
 
Spatial relationship between arterial elasticity and cortical volume: Cluster analysis 
The presence of an age-related correlation between regional PReFx and regional cortical 
volume implies that localized measures of PReFx may contain useful information (at least in 
terms of predicting brain atrophy) over and above systemic measures taken at the carotids or 
peripherally. However, an important question is left unanswered: How local are these effects? Is 
there additional information provided by the regional measures of PReFx beyond what can be 
obtained by separately measuring it in the left and right hemisphere?  To address this question it 
may be useful to assess: (a) whether the PReFx maps provide reliable regional information (at a 
scale smaller than the hemispheric distinction); (b) whether a corresponding specificity in 
atrophy exists in cortical volumes; and (c) whether the level of correspondence between PReFx 
and cortical volume is maintained, or even increases, when progressively smaller areas of the 
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cortex are examined.  These 
questions are particularly relevant 
because optical arterial pulse data 
may possess a lower spatial 
resolution than structural MRI data, 
and because the degree of 
independence of local PReFx 
estimates is largely unknown. To 
address these issues, we employed a 
clustering algorithm to group those 
ROIs whose PReFx (or cortical 
volume) tended to vary together. By 
using this clustering procedure we 
were able to group ROIs into 
increasingly larger clusters – 
corresponding to decreasing spatial 
resolution.  
Figure 4.6 reports the matrices and 
spatial dendrograms resulting from the 
hierarchical cluster analyses (Figure 4.6a 
reports the clustering outcome for cortical volumes; Figure 4.6b reports the clustering outcome for 
arterial compliance). Note that the hierarchical clustering was performed on regions (columns in 
Figure 4.6); For illustrative purposes in this figure the subjects (rows) are ordered by age. Figure 
Figure 4.6:  Matrices and spatial dendrograms for the 
hierarchical clustering analysis, with rows (subjects) 
ordered by age from youngest (blue) to oldest (red) (right 
color scale) and columns representing 50 FreeSurfer 
ROIs.  (a) Volumetric clusters (left color scale indicates 
volumetric z scores for each subject and region); (b) 
PReFx clusters (left color scale indicates PReFx z scores 
for each subject and region).   
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4.7 reports one example level of the clusters obtained by fusing the original 50 FreeSurfer ROIs 
into 6 separate clusters using compliance estimates. Colors in this figure denote the separate ROI 
clusters. This figure indicates that clusters were largely composed of adjacent and/or 
hemispherically symmetrical regions. Note that the clustering is completely data driven and does 
not include any information about the spatial location of the original regions.   
 
 
 
Figure 4.7:  3-D rendered visualization of the 6 clusters obtained from the 50 FreeSurfer ROI’s using the 
hierarchical agglomerative approach applied to the PReFx data. Colors denote the different clusters. 
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The results of the hierarchical 
clustering analysis were then used to 
determine more precisely which level of 
clustering of PReFx provides useful 
information about variations in cortical 
volume. To this end, we started by 
considering how much of the total 
variance in cortical volume (R2) was 
accounted for by clustering models with 
progressively more (and smaller) 
clusters (Figure 4.8a). Not surprisingly, 
this value increases with the number of 
clusters, with R2=1 when the number of 
clusters equaled the number of ROIs – a 
result that could be expected even based 
on chance alone.  We therefore 
corrected this value for the increase in 
number of clusters (using the formula 
normally applied to multiple regression 
to correct the multiple R2 for the effect 
of increasing number of predictors).  
We then examined the differential 
increase in R2 as a function of using an 
Figure 4.8:  Steps of a procedure to determine whether the cluster 
classification of ROIs based on PReFx accounts for relative variations in 
volume across the same ROIs. (a) Proportion of the total between-ROIs 
volume variance that is accounted for by a PReFx-based classification of 
regions in different clusters (plotted as a function of number of clusters 
used for the classification). (b) Increments in between-cluster volume 
variance (steps of 4 clusters) plotted as a function of number of clusters 
used for the classification (this is equivalent to computing a smoothed 
derivative of the function presented in (a); (c) Continuous line: Results of 
an extra sum-of-square analysis (F ratio) of the increments in volume 
variance accounted for by the PReFx clusters obtained by increasing the 
number of cluster.  The F ratio involves considering the DFs for the 
numerator (always 3, the number of the steps minus one) and 
denominator (49 minus the number of clusters entered in the predictive 
model based on the cluster classification). Dashed line: 95% confidence 
interval for this F ratio computed on the basis of a Monte Carlo 
procedure. 
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increasing number of arterial compliance clusters (in steps of four) for predicting cortical volume 
(Figure 4.8b), and applied an extra sums-of-square logic based on F ratios between the predicted 
and error variances to determine which increases were significant (Figure 4.8c).  Specifically, 
Figure 4.8c reports the results of a series of extra sums-of-square tests (in the form of F ratio 
values) for increments in between-cluster cortical volume variance (steps of 4 clusters), plotted as 
a function of the number of clusters (continuous line).  To establish the significance of these 
increments, we used a non-parametric Monte Carlo approach.  In the figure, the dashed line shows 
the 95% confidence interval of the F ratio values for each clustering level.  
The results shown in Figure 4.8c indicate that there is a significant increase in the variance 
of cortical volume accounted for by arterial elasticity when the arterial elasticity clusters are 
increased from 1 up to 7 (p<0.05), and a second interval of significant increase when between 17 
and 19 clusters are considered (p<0.05). This indicates that there is added value in predicting 
cortical volume from arterial compliance, not only when we consider separate compliance values 
for the two hemispheres, but also when we further subdivide the values of arterial compliance into 
smaller clusters. It should be noted that it is not clear whether this is the actual upper limit in terms 
of the number of clusters that it would be profitable to consider. In fact, the statistical power of the 
analysis drops when we increase the number of clusters (given the number of participants in this 
study), and the limit of 19 clusters may just reflect this progressive decrease in power. In any case, 
the data strongly support the idea that the relationship between arterial elasticity (PReFx) and 
cortical volume is not just due to inter-hemispheric phenomena, but can be observed even within 
each hemisphere, and within each lobe. 
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Discussion 
 In this study we sought to investigate whether regional variations in brain volumetric 
estimates were associated with variations in arterial elasticity in the same regions.  This was 
enabled by newly developed diffuse optical methods (pulse-DOT) to estimate parameters of 
arterial elasticity (PReFx) over the entire cortical mantle.  The results showed global associations 
between arterial health and volumetric brain measures, replicating previous studies (Fabiani et al., 
2014; Jolly et al., 2016; 2017; Raz et al., 2008; Tan et al., 2017).  Crucially, however, they also 
indicated that some of the variance in both group and individual patterns of regional brain atrophy 
is explained by spatially overlapping changes in arterial elasticity.  In the next sections we discuss 
these points in turn. 
 
Methodological Innovations 
The relationship between vascular health and brain anatomy has been previously 
investigated using systemic (largely peripheral) measures of arterial status (Beauchet et al., 2013; 
Jochemsen et al., 2015; Rabkin, 2012; Raz et al., 2008; Singer et al., 2014; Tsao et al., 2016).  
However, there is now considerable evidence that the cerebrovascular system may present specific 
alterations and pathologies with aging, which are somewhat independent of those observed in the 
rest of the body. Examples of such pathologies are small vessel brain disease (Blair et al., 2016, 
Van Norden et al., 2011) and cerebral amyloid angiopathy (Biffi & Greenberg, 2011). This 
suggests that the direct measurements of arterial pulse parameters in the cortex provided by the 
pulse-DOT measures used in the current study could potentially be useful for clinical purposes.    
Optical methods have been used clinically to study pulse parameters and blood 
oxygenation in the periphery for decades (e.g., photoplethysmography; Alian & Shelley, 2014; 
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Allen, 2007) and have been shown to yield waveforms very similar to those obtained with 
continuous-wave Doppler (Cook, 2001; Wisely & Cook, 2001).  Our recent studies (Fabiani et al., 
2014; Tan et al., 2017) demonstrated for the first time that it is possible to measure the optical 
pulse over the entire cortical surface. In this paper we further expanded this approach by generating 
tomographic maps of the shape of the pulse across much of the cortex. Specifically, we combined 
a recently developed 3D reconstruction method for diffuse optical imaging (Chiarelli et al., 2016) 
with parcellation of anatomical volumes obtained with FreeSurfer to specify the regional 
relationship between cortical atrophy and arterial elasticity (measured using the PReFx parameter) 
in a cross-sectional sample encompassing a broad age range (18-75 years). It is important to note 
that the inherent SNR of the measurement is very high.  In fact, pulse propagation in the arteries 
causes a relative signal change of 1-2%, which is at least an order of magnitude higher than the 
recording noise of the current instrumentation. This high SNR is further enhanced by averaging 
pulses over a few minutes of recording, as demonstrated by the very high reliability of the PReFx 
estimates obtained in the current study (r >.98, when 3D-reconstructed and averaged across the 
whole head).  
Other methods can be used to measure pulse parameters directly in the head. For instance, 
transcranial Doppler can be used to assess the health of particular locations along selected cerebral 
arteries, such as the middle cerebral artery (MCA; Aaslid, 2012). Similarly, another recently 
developed method based on MR arterial spin labeling (ASL; Yan et al., 2016) has made it possible 
to estimate the effects of vascular compliance in targeted head slices. Although neither of these 
methods is suitable for generating maps of arterial function that explore extended regions of the 
cortex, they can be used to examine specific arteries, including deep arteries that are not visible 
with pulse-DOT (depth ≈ 3 cm; Chiarelli et al., 2016). Thus these techniques are best viewed as 
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complementary, given the feasibility of concurrently recording pulse-DOT and MRI or 
sonography data. 
It should be noted that the pulse shape measured with PReFx is influenced by both arterial 
elasticity – which in large part determines pulse wave velocity – and the presence of peripheral 
resistance – which determines the occurrence of a recoil wave, traveling opposite to the forward 
pulse wave.  To the extent that (a) there is peripheral resistance, and (b) the pulse wave velocity is 
slow, the pulse relaxation function will be decelerated, and PReFx will be positive. Lack of any 
peripheral resistance and/or fast wave velocity will result in accelerated pulse relaxation function 
and a negative PReFx.   In the current paper we have assumed that peripheral resistance is relatively 
constant, and that therefore PReFx only reflects pulse wave velocity (and therefore arterial 
elasticity).  This assumption simplifies the interpretation of the data and is consistent with all the 
results – but it may not be always correct.  Future research on the effects of variations in peripheral 
resistance (as, for instance, under conditions of peripheral vasodilation or vasoconstriction) on the 
PReFx parameter may help clarifying this issue. 
 
Relationship between arterial elasticity and cortical volume 
The data reported in this paper replicate findings by Fabiani et al. (2014) and Tan et al. 
(2017), indicating that overall cerebral arterial elasticity (as measured by PReFx) is a significant 
correlate of between-subject variations in global cortical volume. Here we also show that arterial 
elasticity measured in the brain successfully mediates the relationship between age and brain 
volume, even when controlling for systolic and diastolic blood pressure, suggesting that pulse-
DOT measures provide additional information compared to peripheral indices of arterial elasticity 
such as pulse pressure. In line with previous reports, our data also indicate that certain areas of the 
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brain (such as frontal, parietal and temporal regions) appear to be more susceptible to the effects 
of aging than other regions for both volumetric and arterial elasticity measures (Figure 4.3, top and 
middle rows; Beauchet et al., 2013, Fjell et al., 2013; Walhovd et al., 2011).    
In this paper, we investigated for the first time the extent to which intra-individual 
variability in cortical volume across regions is associated with a corresponding intra-individual, 
across-region variability in arterial elasticity.  Two levels of this regional specificity were 
considered: hemispheric and ROI-based. At both levels of analysis, the data revealed that local 
variations in arterial elasticity are associated with local variations in cortical volume.  In other 
words, within the same individuals, those regions that have a more compromised arterial elasticity 
are also the regions with more compromised cortical volume.  
This phenomenon highlights the importance of arterial elasticity in the maintenance of a 
healthy brain. Although it was previously known that extreme narrowing and/or stiffening of 
cerebral or peripheral arteries can lead to cerebrovascular problems (e.g., stroke, small vessel 
disease, vascular dementia), less was known about the impact of arterial elasticity on the volume 
of specific brain regions in relatively healthy individuals such as those included in this study 
(Hughes et al., 2015; Mattace-Raso et al., 2006; Power et al., 2011; Tanaka et al., 2000; van Sloten 
et al., 2015a; van Sloten et al., 2015b). These findings are consistent with the regionally specific 
association between cerebral blood flow (indexed using ASL) and anatomy found in older adults 
in one of our previous studies (Zimmerman et al., 2014).  In that study, localized cerebral blood 
flow was predictive of specific volumetric measures within the superior frontal and inferior parietal 
cortex. This phenomenon was local, in the sense that each region’s blood flow was better correlated 
with each region’s volume than with the volume of the other region. It is possible that these 
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measures of cerebral blood flow were indirectly related to the stiffness of arterial beds within those 
regions, a relationship that is yet to be investigated.  
An alternative possibility for the arterial stiffness/cortical volume relationship is that 
cortical volumetric reduction is in fact the primary phenomenon: Decline in the capillary bed might 
lead to increased peripheral resistance, with the development of arterial stiffness being a long-term 
consequence of this process. If both phenomena were found to exist, they could also lead to a 
positive feedback, which may amplify their relationships with age. A similar mechanism that may 
generate a positive feedback is the age-related accumulation of amyloid beta around the walls of 
blood vessels, a phenomenon associated with cerebral amyloid angiopathy (Biffi & Greenberg, 
2011). 
 
Specificity to older adults. 
Although significant overall, the regional intra-individual association between arterial 
elasticity and anatomy was driven primarily by adults over the age of 48 (Figure 4.5a). The exact 
reason for this pattern is unknown, but a number of potential explanations are possible. For 
example, younger adults experience little atrophy, and therefore display less variance exists across 
regions, leading to a floor effect (see top of figure 6a; see also Beauchet et al., 2013; Fjell et al., 
2013; Jochemsen et al., 2015; Rabkin, 2012; Raz et al., 2008; Tsao et al., 2016). Additionally, 
younger adults also experience less vascular damage from reactive oxidative species, and have 
more robust compensatory and or repair mechanisms to moderate cerebrovascular stiffness effects 
(El-Assar et al., 2012; Hoenig et al., 2008). This increased protection might lead to decreased 
atrophy and a diminished spatial relationship between arterial stiffness and atrophy. 
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Alternatively, it is also possible that the effects of decreased elasticity, and the 
accompanying sub-clinical hypoperfusion, might take an extended period of time to significantly 
impact the gross anatomical size of brain tissue. In this light, a number of studies have suggested 
a similar time lag as midlife blood pressure has been linked to atrophy later in life (Debette et al., 
2011; Korf et al., 2004; Launer et al., 1995; Petrovitch et al., 2000; Swan et al., 1998).  Finally, 
older adults might be more sensitive to subclinical neurovascular stiffening due to other 
physiological processes that co-occur with advancing age. For instance, aging is also associated 
with declines in dendritic spine density, myelination, glial alterations, amyloid-β deposition and 
changes to white matter integrity (Jagust, 2016; Madden et al., 2012; Pannese, 2012; van der Zee, 
2015; Wang & Young, 2014). Thus, alterations of arterial elasticity in older individuals might 
interact (or summate) with these neurophysiological changes, leading to the regionally specific 
spatial relationship found in older adults.   
 
Cognitive decline and cerebrovascular health 
Theoretically, the spatial relationship between arterial health and brain volume could also 
help explain variance in the pattern of cognitive decline observed within an individual. This was 
not directly examined in the current study.  However, previous studies suggest that this might be 
the case (Wilson et al., 2002; Fabiani et al., 2014; Tan et al., 2017).  A number of previous studies 
have also shown a link between local cortical atrophy and specific changes in cognitive outcomes 
(Aguilar et al., 2014; Draganski et al., 2013; Hedden & Gabrieli, 2004; Hedden et al., 2014; Kaup 
et al., 2011; Raz et al., 1998; Raz & Rodrigue, 2006; Rodrigue & Raz, 2004; Salthouse, 2011). 
Therefore, it is possible, that regionally specific changes to arterial elasticity might lead to atrophy 
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in nearby anatomical regions, which in turn may lead to declines in the specific cognitive domains 
supported by the affected regions (Steffener et al., 2013; Zimmerman et al., 2014).   
 
Limitations 
Although the analyses presented here open new possibilities for non-invasive regional 
measures of cerebrovascular elasticity, a number of limitations exist.  The main limitation of 
optical tomography is its shallow depth sensitivity (≈ 30 mm from the scalp in adults). Although 
this limitation prevents us from measuring the stiffness of arteries feeding subcortical structures, 
our depth sensitivity is enough for studying the arterial status of the outer cortical mantle (Figure 
4.1a).   
Second, due to the cross-sectional nature of our study design, we cannot make direct claims 
of causality between vascular health and regionally specific neuroanatomical decline.  Although 
establishing such a causal relationship may be difficult, longitudinal studies may help address this 
issue, at least in terms of determining whether age-related changes in arterial stiffness pre-date or 
follow cortical volumetric changes.  
Third, it could be argued that, although the spatial relationship between arterial elasticity 
and cortical volume was significant overall and greater for older adults, the effect size of this 
relationship is relatively small.  Specifically, even restricting our analysis to older adults, 
compliance explained ≈5% of the volumetric intra-regional variance. However, it is very difficult 
to precisely estimate the variance attributable to different factors in cross-sectional studies such as 
this.  For example, here we would expect that most of the variance across regions would actually 
be due to genetic, maturational, and other factors unrelated to arterial health (e.g., size of brain 
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areas at birth).  Future longitudinal studies controlling for these individual factors will help 
quantify more precisely the effects of arterial health on brain anatomy.  
 
Conclusion 
In summary, the data reported in this paper demonstrate that elasticity, as measured by 
PReFx estimated obtained with optical tomography (pulse-DOT), can help explain some of the 
anatomical variance found in healthy participants across the lifespan.  These findings were most 
evident in adults over the age of 48, and may provide insight into sub-clinical phenomenon 
previously unrecognized through other methodologies. Further validation of these methods in 
groups with specific cerebrovascular pathologies may lead to a better understanding of the 
relationship between arterial health, brain anatomy, and brain and cognitive function.  For instance, 
it may be possible that regional measures of arterial elasticity may help predict which individuals 
and/or brain regions might be most vulnerable to neurovascular insults such as stroke, transient 
ischemic attacks, white matter hyperintensities, small vessel disease, and vascular dementia. 
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CHAPTER 5 
CONCLUSION 
 
 In this body of work, the effects of various lifestyle factors and physiological phenomena 
were explored in an attempt to understand the variation in the anatomy of human adults throughout 
the aging process.   
 An extensive literature review (Chapter 2) proposed potential mechanisms whereby 
cardiorespiratory fitness might impact the anatomy and cognitive declines inherent to the aging 
process.  First, the many micro-phenomena, usually studied in rodent specimens, was examined.  
Animal models suggest that fitness exerts a positive impact the micro-neuro vasculature of the 
brain through changes in angiogenesis, decreased blood viscosity, decreased blood pressure and 
decreased vascular stiffness (Ding et al., 2006; Isaacs et al., 1992; Launer et al., 1995; Seals, 2003; 
Tanaka et al., 2000; Waldstein et al., 2005; Wannamethee et al., 2002).  These micro-neurovascular 
effects may account for the macro-neurovascular effects that have been measured in human 
participants including improvements to cerebral blood flow and vascular reactivity (Akazawa et 
al., 2012; Barnes et al., 2013; Brown et al., 2010; Fabiani et al., 2014; Zimmerman et al., 2014).   
Similarly, fitness seems to have a direct impact on the micro-neuroanatomy of mice across 
the lifespan, leading to a number of positive phenomena including increased neurogenesis, 
gliogenesis, and increased dendritic branching (Brown et al., 2003; Farmer et al., 2004; Greenough 
and Volkmar, 1973; van Praag, 2008; van Praag et al., 1999a; Van Praag et al., 1999b; Wang and 
van Praag, 2012).   
Together, these neurovascular and neuroanatomical changes likely interact, leading to 
gross anatomical changes and improved neuronal function.  These phenomena might also help to 
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boost cognitive function and create a degree of cognitive reserve (or neuro-scaffolding) for future 
cerebral insult and atrophy (Reuter-Lorenz and Park, 2010; Stern, 2009). 
 Although the positive impacts of fitness on the aging brain are promising, less is known 
about the overlap of the effect of fitness and age on brain anatomy.  The analysis presented in 
chapter three suggests that although fitness is associated with larger brain volumes in a number of 
brain regions (with a particularly strong impact on the basal ganglia and temporal lobe), the effects 
of age and fitness are not entirely overlapping.  Thus, fitness has a selective effect on brain regions, 
and is not enough to counter and/or reverse all of the loss experienced with age.  As suggested in 
chapter two and three, it is possible that various physiological mechanisms tend to “add” together 
in certain regions of the brain, leading to differences in regional sensitivity to the effects of fitness.   
 In the last body of work presented (Chapter 4), the association of cerebrovascular stiffness 
and brain anatomy was explored both within and between individual participants across the 
lifespan (18-75).  This exploration was aided by a new method for measuring neurovascular 
stiffness within individually specified anatomical ROI’s.  To our knowledge, this non-invasive 
methodology is the first of its kind and allows for the most spatially specific measures of stiffness 
measured to date within a live human brain.    
The between-participant analysis in this study revealed that compliance significantly 
mediates the effects of age on average brain volume, even when controlling for peripheral 
measures of vascular stiffness (systolic and diastolic blood pressure).  The within-participant 
analysis revealed that for adults over the age of 48, regionally specific measures of compliance 
were significantly associated with regionally specific measures of brain volume.  The strength of 
this spatial relationship also significantly increased with advancing age.  Although longitudinal 
studies are needed to determine direct causality of these associations, these findings are the first to 
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describe these regional phenomena, suggesting that localized measures of cerebrovascular stiffness 
can explain some of the random variances of brain volume between ROI’s of an individual subject.    
Although these associations are interesting, a number of open important questions remain.  
It will be important to see if the degree of atrophy caused by increased arterial stiffness leads to 
parallel changes in cognition.  It is possible, for instance, that the unique anatomical atrophy profile 
of an individual, explained in part by their local measures of stiffness, might help to predict the 
specific regionally implicated cognitive changes associated with those regions.  These results 
might also speak to the underlying mechanisms whereby other lifestyle factors impact brain 
anatomy and cognition.  For instance, these phenomena should be explored within the context of 
the effects of fitness on the brain.  As fitness is known to improve cerebrovascular measures within 
the body, it is possible that it is the effect of fitness on cerebrovascular stiffness that might explain 
some of the many positive effects of fitness on anatomy and cognition.    
Future studies could also exam the role of regionally specific measures of stiffness on 
various neuropathology’s inherent to the aging brain including vascular dementia, Alzheimer’s, 
and Parkinson’s, small vessel disease and stroke.   These local measures of stiffness might also 
serve as a tool to measure the success of clinical drug trails and longitudinal studies examining 
various lifestyle interventions.   
 In conclusion, the findings of this work, taken as a whole, provide some hope that changes 
to specific modifiable lifestyle factors may have the potential to alter the deleterious impact that 
age has on the brain anatomy of aging individuals.  Future longitudinal studies, examining the 
interactions of fitness and cerebrovascular health on brain anatomy will hopefully bring greater 
insight into potential therapeutic approaches which may allow older adults to enjoy improved 
health-span and life satisfaction in the later decades of life. 
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